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Lithium-ion batteries (LIBs) have become ubiquitous as energy storage devices 
for mobile electronics, electric vehicles, and are beginning to be used for electric grid-
scale energy storage. Lithium-ion batteries offer higher efficiencies, energy density, and 
longer life compared to incumbent technologies such as lead-acid and nickel metal 
hydride.  Applications in which LIBs are used are continuing to demand better 
performing batteries at lower cost, which requires improvement in electroactive 
materials. This dissertation investigates the low temperature synthesis and modification 
of LiCoPO4 as a potential high-voltage and therefore higher energy density polyanion 
cathode material for LIBs, as well as a new class of interdigitated metal foil anodes which 
promises to be an inexpensive, higher energy density, alternative to graphite. 
Chapter 1 is a brief introduction to lithium-ion batteries and the principle of 
operation of intercalation type electrochemical energy storage devices.  The components 
of lithium ion batteries are introduced, specifically the anode, cathode, separator, and 
electrolyte.  Some of the shortfalls of the current t chnologies are discussed and areas of 
research interest are highlighted.  
Chapter 2 is a brief overview of the various experim ntal methods that are 
generally applicable to more than one of the subsequent chapters. Methods which are 
specific to a given study are discussed in their respective chapters. 
vii 
 
Chapter 3 presents work on the low temperature microwave-assisted solovthermal 
synthesis (MW-ST) of three unique polymorphs of LiCoPO4, specifically the polymorphs 
belonging to the Pnma, Cmcm, and Pn21a space groups.  Prior to this work, only the 
Pnma polymorph had been reported via MW-ST method, and electrochemistry had not 
yet been reported for either the Pn21a or Cmcm polymorph.  The dependence of the 
polymorphs on both the water content, and ammonium hydroxide content of the solvent 
was shown. Although, the electrochemistry of both the Pn21a and Cmcm polymorphs was 
found to be inferior to the Pnma polymorph, the ability to synthesize phase pure materials 
was crucial to conducting the work presented in chapters 4 and 5. 
Chapter 4 presents the aliovalent substitution of V3+ for Co2+ in LiCoPO4 via a 
low-temperature MW-ST process. Substitution of up to 7% vanadium for cobalt was 
demonstrated and verified by changes in the lattice parameters with vanadium content.  
Both the ionic and electronic conductivity of LiCoPO4 was enhanced with increasing 
vanadium substitution, which was attributed to the introduction of both charge carriers as 
well as inter-tunnel cobalt vacancies.  Finally, the first cycle capacity was enhanced 
(from 69 mAh/g to 115 mAh/g) as well as the capacity re ention over cycling.   
Chapter 5 demonstrates a novel technique of MW-ST assisted coating of a thin (2-
5nm) conformal coating of LiFePO4 on vanadium substituted LiCoPO4.  Although the 
vanadium substitution was able to independently increase the performance of LiCoPO4, 
the materials still suffers from severe side reactions with the electrolyte.  The coating of 
LiFePO4 effectively raises the Fermi energy of the cathode material above the high 
occupied molecular orbital (HOMO) of the electrolyte preventing side reactions and 
increase the coulombic efficiency to nearly 100%.  
Chapter 6 introduces a novel method of producing high surface area, electrically 
conductive, metal nanofoams via a MW-ST process.  Nickel, copper, and silver metal 
nanofoams are made via an inexpensive yet scalable process whereby metal acetates are 
reduced by polyglycol under microwave irradiation.  The nanofoams were characterized 
via BET, SEM, XRD, EDS, and TEM.  The nanofoams have potential uses in many clean 
energy applications, particularly lithium-ion batteries.    
viii 
 
Chapter 7 introduces a new framework for making a new class of high capacity, 
low-cost alloying anodes for lithium ion batteries. A novel interdigitated metal foil anode 
(IMFA) in which a nanosized active material, such as tin, is interdigitated with an 
electrically conductive matrix, such as aluminum, is presented.  The foils are formed by 
the rolling of a eutectic Al-Sn alloy into a foil, which is an extremely cheap and scalable 
process.  The anodes demonstrate an approximately 70% increase in capacity compared 
to graphite over 100 cycles, at reasonably fast rates (C/5), and high coulombic efficiency 
(>99%). 
Finally, Chapter 8 gives a brief overview of the results of the prior work and 
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Chapter 1: Introduction 
1.1 Motivation 
The rising costs of fossil fuels and greater concer fo  the environmental impact of 
using carbon-based sources of energy have led to extensive research into alternative 
forms of energy, including nuclear, wind, solar, and hydroelectric.  The rise of alternative 
forms of energy generation requires new energy storage technologies to fully take 
advantage of these resources.1  The proliferation of mobile computing over the last 20 
years was enabled by the high energy density, high power density, and long cycle life of 
lithium ion batteries (LIBs).  Lithium ion batteries provide significant advantages over 
the previous conversion energy storage technologies, such as lead-acid and nickel metal 
hydride (NiMH).  LIBs have both higher voltages enabled by non-aqueous electrolytes as 
well as the intrinsic advantage of intercalation reactions compared to conversion 
reactions.2,3  The normalized cost of using a lithium ion battery to store energy over its 
life is better than other technologies and is quickly approaching the point where it is cost 
effective to use in both transportation as well as electrical grid scale storage.4 
1.2 Lithium-ion Battery 
A lithium ion battery is compromised principally of four different components, 
namely the cathode, the anode, the electrolyte, and the separator.  During operation 
lithium ions are shuttled via the electrolyte from the anode to cathode during discharge 
and the cathode to anode during charge. Simultaneously, electrons, whose electrical 
potential is dictated by the difference in chemical potential between the anode and 
cathode, flow through an external circuit performing useful work. During discharge 
electrons are liberated by an oxidative change of state of a transition metal, M, from M+x 
to M+x+1, while there is a simultaneous reduction reaction at the anode.  The principal 
benefit of lithium ion batteries over prior battery chemistries is the oxidation and 
reduction reactions take place through a process called intercalation rather than 
conversion.  Intercalation is arguably the biggest driver of the dramatic increase in 
cyclability achieved in lithium ion chemistries relative to incumbent technologies.   
Specifically, during intercalation reactions the crystal structure of the electroactive 
2 
 
material is maintained while lithium ions are inserted and removed from the lattice.  In 
contrast, conversion type electroactive materials do not maintain a consistent crystal 
structure but rather undergo chemical interconversion from metal to metal oxides, metal 
hydroxides, or metal sulfates.  The process of chemical conversion causes the electrode to 
lose integrity over time (known as shedding in lead acid batteries), which in turn causes 
the loss of active material and an increase in internal cell impedance ultimately leading to 
capacity loss and eventually failure.5  
   
Figure 1.1. Illustration of the operation of a typical lithium ion battery 
The process of intercalating lithium ions without conversion reactions is known as a 
rocking chair battery and is illustrated in   
Figure 1.1.6 In addition to the reversibility achieved by intercalation reactions, lithium ion 
batteries performance also benefits from the use of non-aqueous electrolytes.  Non-
aqueous electrolytes have a larger window of electrochemical stability compared to 
aqueous electrolytes. The stability is dictated by the bandgap between the highest 
occupied molecular orbital (HOMO) and the lowest un-occupied molecular orbital 




Figure 1.2. Illustration of the electrochemical requirements for creating a compatible 
cathode/anode/electrolyte system. 
 
This enables lithium ion batteries to have a higher operating voltage which intern 
increases both the gravimetric and volumetric energy densities. 
1.3 Cathode Materials 
Stanley Whittingham introduced the first intercalation cathode material TiS2 in 
1974 while working at Exxon’s Corporate Research Labor tories.8  Although this was the 
first demonstration of an intercalation compound for an energy storage device, it suffered 
from major safety problems which prevented commercialization.  TiS2 does not contain 
lithium atoms so they must be introduced from an outside source to discharge the battery.  
At the time the only known anode to work with TiS2 was lithium metal which suffered 
from dendritic growth during charge causing safety concerns.9–11  Subsequently, in 1981 
John Goodenough introduced layered lithium cobalt oxide (LiCoO2), a lithium containing 
cathode material, which did not have to be paired with a metallic lithium anode.12  
Lithium cobalt oxide still serves as an archetype for what defines a good cathode material, 
namely that it contains lithium, has an open structure hat reversibly intercalates lithium, 
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has a high electrochemical potential relative to lithium, has high electronic conductivity, 
high ionic conductivity, and is thermally stable. Since the introduction of LiCoO2, there 
have been a number of new materials discovered. However, the commercially viable 
cathode materials all fall within three broad structural groups, specifically, layered, 
olivine, and spinel.  The prototypical material foreach one of these systems is LiCoO2, 
LiFePO4, and LiMn2O4, respectively.
13–15 Interestingly the number of dimensions through 
which lithium can diffuse is 1D, 2D, 3D for the olivine, layered, and spinel structures, 
respectively.  
1.3.1 Olivine (LiMPO4) cathodes 
Lithium metal phosphate cathodes, LiMPO4 (M = Fe, Mn, Co, Ni), take on what is 
known as the ordered olivine structure.16–25 The polymorph which has the best 
electrochemical performance belongs to the Pnma space group.  In this structure, the 
transition metal is found in the 3+ (M3+PO4) when charged and in the 2
+ (LiM 2+PO4) 
when discharged.  The phosphate has a 5+ charge and is tetrahedrally coordinated by 4 
oxygen atoms, while the transition metal atom is octahedrally coordinated by 6 oxygen 
atoms.  Lithium diffusion in the olivine structure is only able to happen in 1-dimension 
along the b-axis as seen in Figure 1.3.  Lithium diffus on can be further hampered by 
sarcopside defects which is when an M atom moves into the Li position blocking 




Figure 1.3. Lithium metal phosphate (LiMPO4) structure, showing the lithium diffusion 
channels along the b-axis. 
In addition, to the problems with lithium ion diffusion in the olivine structure, the 
electrical conductivity is much lower compared to the metallic like conduction observed 
in LiCoO2.  Unlike LiCoO2 metal phosphates have low electronic conductivity on the 
order of 10-9.27 Finally, LiMPO4 also undergoes significant volume change (~7%) during 
cycling which can lead to electrochemical milling of the material.28  Fortunately, all of 
these problems can be addressed, at least for LiFePO4, through both nano-sizing particles, 
which increases ionic conductivity and prevents electrochemical milling, and carbon 
coating which increase electrical conductivity.16,29,30   
Although, nano-sized LiFePO4 has had tremendous commercial success as a high-
power low-cost cathode material, it suffers from lower energy density compared to the 
layered cathodes, partly due to its lower potential (~ 3.4 V).  The LiMPO4 materials 
where M = Mn, Co, Ni have higher 2+/3+ redox potentials of 4.1, 4.8, 5.2 V, respectively, 
which leads to proportionally higher energy densitie .  While LiNiPO4 has the highest 
potential and therefore theoretical energy density, it is not a good candidate for research 
because its potential is outside the stability window of known non-aqueous carbonate 
electrolytes.31  Both LiMnPO4 and LiCoPO4 are promising candidates for further research 
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and optimization focused on overcoming their lower ionic/electronic conductivity, as 
well as instabilities with the electrolyte experienc d at higher voltages. 
1.4 Anode Materials 
The introduction of graphite as an intercalation anode in the 1990’s by both Sony 
and Moli cell enabled the commercialization of the lithium ion battery.32–34  Graphite 
anodes offer both high energy density, low cost and lo g cycle life and are material of 
choice in commercial cells today. During charging of a lithium ion battery lithium ions 
from the cathode are inserted into graphite to form LixC6 at a potential of ~100 mV.  The 
theoretical gravimetric energy density of graphite is 372 mAh/g however; it has a 
relatively low tap density of ~ 1 g/cm3.35  
Although the electrochemical potential of graphite is well above the LUMO of 
most electrolytes, the serendipitous formation of ameta-stable layer known as the solid-
electrolyte-interphase (SEI) enables stable cycling.36–38 The SEI layer enables cycling but 
is only meta-stable, therefore it continues to react with the electrolyte over-time leading 
to capacity fade and increase in cell impedance.38  Additionally, when graphite is charged 
at very high rates, the over polarization at the anode causes the formation of lithium metal 
which causes dendrites potentially leading to catastrophic cell failure. The formation of 
dendrites is mitigated if the electrochemical potential of a given anode material is higher 
than that of lithium (~3.05 V vs. SHE).  Even though graphite meets these criteria under 
static/low-rate operation, a material which has a slightly higher potential would provide a 
greater safe operating margin particularly at high rates and low temperatures.39 
 
1.4.1 Alloying Anodes 
Alloying anodes are a promising area of research because they have dramatically 
increased theoretical gravimetric and volumetric energy densities compared to graphite.  
There are a number of known lithium alloying materials which generally belong to the 
late transition metal series and metalloids including: Si, Ge, Al, Sn, Pb, Sb, Bi, Zn, Cd, 
Ag.40  All of these materials have 1 or more voltage plateau’s which are higher than 
7 
 
graphite meaning they can potentially be used to make s fer anodes. The most promising 
materials are Si, Sn, and Sb which have theoretical energy densities of 3579, 960, and 
660 mAh/g, respectively.41  The lower voltage plateaus where Si, Sn, and Sb derive most 
of their capacity are 0.2, 0.4, and 0.78 V, respectiv ly.  These alloying potentials are 
significantly higher than the 100 mV at which lithium intercalates into graphite, meaning 
that the alloying materials are less prone to undergo lithium plating.  There are a number 
of known challenges posed by the alloying materials in a practical lithium ion battery, 
including low first cycle coulombic efficiencies, low lithium ion diffusion rates, and large 
volume change during cycling.42   There have been a number of strategies devised to 
address these well-known problems.  Nanosizing of the active material allows the 
particles to undergo a greater amount of volume change without electrochemical milling 
and therefore prevents rapid capacity fade.  The strategy of nanosizing has been further 
enhanced by the use of electrically conducting coatings or additives such as carbon black, 
carbon nanowire, or graphene.43–46  The purpose of the conductive additives seems to be 
to prevent the loss of electrical contact of the active alloying material with cycling.  
Nanosizing also addresses the low rate capabilities of the alloying materials caused by 
poor diffusion kinetics.47  Another strategy that has been successfully employed with 
alloying anodes is the addition of an buffer matrix.48  The buffer materials often include 
reactive intermetallic phases and/or non-active materials.  Although there have been 
numerous strategies and combinations thereof to improve the performance of lithium 
alloying materials, none to date have been practical enough to have met commercial 
success.    
 
1.5 Objectives 
The primary objective of this research is to increase the gravimetric energy density 
of lithium ion batteries via novel cathode and anode systems. The secondary objectives 
being to increase the cycle life, safety, efficiency, while decreasing cost.  Although, the 
primary objective is the most challenging in lithium ion battery research today, it cannot 
be taken by itself, and must be considered holistically with the other metrics.  The first 
half of this work focuses on increasing the energy density of the cathode through the 
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modification of the solid state properties of LiCoPO4.  The second half of this work 
focuses on the development of novel anode architectur s which have higher energy 
density and are cheaper compared to graphite. 
 The second chapter focuses on the MW-ST synthesis of phase pure LiCoPO4 at low 
temperatures to enable the work of modification of LiCoPO4 presented in the subsequent 
2 chapters.  Although there has been extensive work on LiMPO4 cathodes, prior to this 
work, the non-olivine polymorphs via MW-ST synthesis had not been reported.  Three 
polymorphs of LiCoPO4 belonging to space groups Pnma, Cmcm, and Pn21a are reported.  
Synthesis conditions for producing phase pure materials of each one of the polymorphs 
are presented. 
The third chapter looks to enhance the electrochemical performance of LiCoPO4, by 
modifying the solid state properties through aliovalent substitution of V3+ for Co2+. 
LiCoPO4 has yet to achieve the theoretical density of 167 mAh/g. Increasing both the 
electrical and ionic conductivity of LiCoPO4 should increase the practical capacity while 
also decreasing the amount of polarization allowing cycling at higher rates.  Low 
temperature MW-ST synthesis is key to producing phases of materials which would not 
otherwise be stable at higher temperatures. 
The electrochemical potential of LiCoPO4 is ~ 4.8 V which readily causes the 
breakdown of carbonate electrolytes via side reactions with the cathode during charge.  
These side reactions can be so severe that the reported coulombic efficiencies for 
LiCoPO4 cathodes are routinely ~90%.  Adding a coating to the surface of the LiCoPO4 
which lowers the electrochemical potential of the cathode interface with the electrolyte 
may be one approach to mitigating side reactions. A low temperature MW-ST method of 
conformal coating LiCoPO4 nanoparticles is explored in chapter 5. 
Recently there have been a number of attempts to make high rate batteries, lithium 
metal anodes, and alloying anodes which have leveraged the use of nanoscale conducting 
metal substrates.  The biggest drawback to these appro ches is the relative expense and 
complexity involved in making the substrate.  In chapter 6 a novel inexpensive MW-ST 
method of forming metal nanofoams is explored.   
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Although, a nanoscale conductive matrix can demonstrate marked improvement in 
the cycling of both lithium metal anodes and alloy anodes, there are a number of practical 
drawbacks, beyond cost, which would inhibit their commercial implementation.  
Specifically, the mechanical handling of materials that would easily shed metal particles 
would be impossible to work with in a battery factory at scale.  Any small metal particle 
introduced to the cell could potentially puncture th separator causing a catastrophic short.  
Therefore, a new framework for forming interdigitated metal foil anodes which addresses 
many of these issues is explored in chapter 7.  
Finally, chapter 8 summarizes the results of the work discussed in chapters 3 through 




Chapter 2: Experimental Methods 
2.1. Materials Characterization 
2.1.1. X-ray Diffraction 
Powder X-ray diffraction (XRD) patterns were recorded with a Bragg-Brentano 
type diffractometer (Rigaku Miniflex 600) with copper Kα1 radiation (λ = 1.4505 Ǻ) in 
continuous mode over various ranges of 2θ at different rates. Typical ranges of scanning 
were from 0 – 100o 2θ at rates ranging from 1- 4 degrees per minute. The XRD patterns 
were analyzed by Rietveld refinement using the Fullprof software. 
2.1.2. Scanning Electron Microscopy 
Scanning electron micrographs (SEM) were recorded with a JEOL JSM-5610 
instrument at 20 keV accelerating voltage after sputter coating the samples with gold. 
Powdered SEM samples were prepared by dispersing the powder on carbon tape either 
mechanically or via a suspension of the materials in i opropanol.  Non-powdered samples 
were prepared by manual sectioning and mounting on carbon tape. 
2.1.2.1. Energy Dispersive X-Ray Spectroscopy 
Energy dispersive spectroscopy (EDS) was performed on the JEOL JSM-5610 
with an Oxford Instruments detector while operating i  the scanning transmission 
electron microscopy (STEM) mode.  Composite EDS maps were generated by using 
Matlab software’s image processing to combine the various elemental maps into a single 
image. 
2.1.3. Transmission Electron Microscopy 
The transmission electron microscopy (TEM) was carried out with a JEM-2100F 
microscope with an accelerating voltage of 200 kV.  The energy dispersive x-ray 
spectroscopy (EDS) was performed with the JEM-2100F microscope equipped with an 
Oxford Instruments EDS detector while operating in the scanning transmission electron 
microscopy mode.  The samples were prepared by making  dilute suspension of powder 
in isopropanol and dropping it on a copper grid with carbon lace. 
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2.1.4. Inductively Coupled Plasma Optical Omission Spectroscopy 
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was carried 
out on a Varian 715-ES to determine the precise stoichiometry of the samples. The ICP-
OES samples were prepared by dissolving ~ 10 mg of the sample with adequate amounts 
of aqua regia and diluting the resulting solution with 250 mL of water The Varaian 715-
ES instrument was calibrated with standards made from 10,000 ppm standard solutions 
(Ricca Chemical).  Four standard solutions were used for calibration which encompassed 
the expected concentration range of the samples being measured.  All values reported 
have an error of <2%. 
2.1.5. Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
was used to determine the temperature at which materials underwent phase 
transformations as well as determining if weight was g ined or lost during heating.  TGA 
and DSC data were collected simultaneously on a Netzsch Jupiter STA 449 F3 in various 
inert and oxidizing atmospheres.  Depending on the sp cific requirements of an 
experiment heating rates ranging from 3 oC/min to 10 oC/min were used. 
2.1.6. Surface Area Analysis 
The surface area of the samples was determined with a Quantachrome autosorb 
iQ2 Brunauer, Emmett, and Teller (BET) analyzer.  Approximately 100 mg of each of the 
samples was placed in a 10 mL sample holder, outgassed at 100 oC overnight, and 
subjected to a multi-point BET adsorption/desorption test.  The surface areas were then 
calculated with the multi-point BET method. The correlation coefficients for all of the 
BET surface area fits were greater than 0.999. 
2.1.7. Spectroscopy 
2.1.7.1. Fourier Transform Infrared Spectroscopy 
Fourier transform infrared (FTIR) spectroscopic data were collected with a 
Thermo Scientific Nicolet iS5 operating in transmission mode.  Potassium bromide 
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windows were made by pressing (1.5 Mpa) dry KBr which had been mixed with each 
sample (~ 0.5 mg) by grinding in an agate mortar.   
2.1.7.2. Raman Spectroscopy 
Raman spectroscopic data were collected with a Witec Alpha 300 micro-Raman 
confocal microscope with a 488 nm laser. The scans were collected at a 100x 
magnification with a 25 second integration time. The Raman slides were prepared by 
drop casting dilute suspensions of the materials in isopropyl alcohol onto a polished 
stainless steel slide. 
2.1.7.3. X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy was performed with Al Kα radiation (υ = 
1486.5eV) with a power of 150 W at a current of 10 mA and a potential of 15 kV. The 
electron energies were measured with a concentric hemispherical analyzer.  A charge 
neutralizer was used to prevent charge buildup on the insulating powder samples.  The 
spectra were subsequently corrected such that the adventitious carbon 1s peak was set at 
an energy of 284.6 eV, corresponding to a correction of 1.9 eV.  Individual region spectra 
were collected with 20 eV pass energy and 0.1 eV stp izes with a 1500 ms dwell-time. 
CasaXPS software was used to analyze the collected XPS spectra.  The spectra were fit 
with a 70% Gaussian 30% Lorentzian character after th  background had been 
compensated with a Shirley-type fit.   
2.2. Electrochemical Testing 
2.2.1. Cell Construction 
Stainless steel CR 2032 coin cells were constructed to carry out the 
electrochemical characterization of the materials. The cells were assembled in a glove 
box having a dry and inert (H2O < 2 ppm and O2 < 10 ppm) argon atmosphere. The dry 
inert atmosphere prevented contamination and oxidation of the highly reactive lithium 
metal used as the counter electrode. Metallic lithium discs were used as the anodes and 
glass fiber pre-filters (Millipore APFA04700) were used as separators. An electrolyte 
comprising a mixture of linear or cyclic carbonates containing a lithium salt, such as 
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Lithium hexafluorophosphate (LiPF6) or bis(trifluoromethane)sulfonimide lithium 
(LiTSFI), was used. Additionally, depending on the experiment, a number of electrolyte 
additives were used to either create passivation layers or to remove water from the cell.  
The cells were kept for at least 24 h prior to testing.  The constructed cells were then 
tested using an Arbin BT-2000 battery test system. 
2.2.2. Electrode Preparation 
The positive electrodes contained 70 wt.% active material, 20 wt.% carbon, and 
10 wt.% polytetrafluoroethylene (PTFE) binder. The el ctrodes were made by mixing the 
PTFE, active material, and carbon with ethanol in an agate mortar. The resulting 
electrode gum was rolled to a desired thickness, cut to ~ 1 cm2 discs, and pressed at 1500 
psi on a stainless steel mesh. All of the electrodes contained 5 to 7 mg of active material. 
The electrodes were dried in a vacuum oven at 150 oC for > 24 h prior to making cells. 
2.2.3. Galvanostatic Cycling 
Galvanostatic cycling of the CR2032 coin cells was conducted on an Arbin 
instruments BT-2000 battery test system.  In a typical test, the cells were charged and 
discharge at a constant current until they reached an upper or lower cutoff voltage.  The 
rate used for cycling was cited as a C-rate which was relative to the nominal theoretical 
capacity determined by the active material weight.  Typical C-rates for testing ranged 
from C/5 to C/20.  
2.2.4. Cyclic Voltammetry 
Cyclic voltammetry was performed on the Arbin instruments BT-2000 battery 
tests system.  The CR2032 cells were charged and discharged using a voltage ramp at a 
constant rate, typically 0.00005 V/s.  The ramp wasterminated once the potential reached 
an upper or lower cutoff voltage specific to the given experiment. 
2.2.5. Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) was performed on the cells with a 
Solartron 1260A impedance analyzer.  The cells were h ld in a Cr2032 30mm coin cell 
holder from Arbin instruments and 4-point Kelvin clips were used to interface with the 
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impedance analyzer.  The impedance was measured over a fr quency sweep range of 1 









Chapter 3: Three Polymorphs of LiCoPO41 
 
3.1. Abstract 
Many investigations have been conducted on polyanion cathodes for lithium-ion 
batteries, specifically LiMPO4 (M = Fe, Mn, Co, Ni), but a majority of which were 
restricted to the olivine polymorph with the Pnma space group. This study presents the 
synthesis and characterization of three orthorhombic polymorphs of LiCoPO4 belonging 
to the space groups Pnma, Pn21a, and Cmcm. The three polymorphs were synthesized 
with a microwave-assisted solvothermal (MW-ST) synthesis method at a relatively low 
temperature of 260 ̊C. The properties and morphology of the materials were characterized 
with x-ray diffraction, inductively coupled plasma - optical omissions spectroscopy, 
Raman and infrared spectroscopy, scanning electron microscopy, thermogravometric 
analysis, galvanostatic charge/discharge, and cyclic voltammetry. The electrochemical 




Lithium-ion batteries are a key enabling technology in both portable electronics as 
well as next-generation electric vehicles. Following the investigations of first Fe2(SO4)3 
and Fe2(MO4)3 (M = Mo and W) in the 1980s’s
49,50 and then LiFePO4 in the 1990’s, much 
effort has been focused on polyanion cathodes, specifically LiMPO4 where M = Fe, Mn, 
Co, and Ni.51,23,52,53  Cathodes with M = Mn, Co, and Ni are promising materi ls due to 
the higher operating voltage of the M2+/3+ redox couples, 4.1, 4.8, and 5.2 V versus 
lithium, respectively, compared to 3.6 V for M = Fe. The currently available organic 
                                                          
1
 The majority of the work discussed in this chapter was carried out by Karl Kreder.  Gaurav Assat provided 
assistance in conducting experiments. This chapter is based on previously published work: K. Kreder, G. 
Assat, A. Manthiram, “Microwave-Assisted Solvothermal Synthesis of Three Polymorphs of LiCoPO4 and 
Their Electrochemical Properties,” Chemistry of Materials, 17, 5543-5549 (2015). 
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liquid electrolytes are not stable above 5 V, which prevents the electrochemical 
characterization and use of LiNiPO4.
54  Moreover, it has been shown that a small hole 
polaron may not form in LiNiPO4 preventing lithium migration.
55 Therefore, both 
LiMnPO4 and LiCoPO4 are potential candidates for higher voltage, higher energy density 
insertion cathodes. 
Low-temperature synthesis techniques such as microwave-assisted solvothermal 
(MW-ST), microwave-assisted hydro-thermal (MW-HT), sol-gel, and iono-thermal 
methods may produce metastable phases which are not otherwise accessible by high-
temperature solid-state methods. Previously, Klingeer t al56, reported hydrothermal 
synthesis of LiCoPO4 (Pn21a) and the electrochemical activity of micrometer-sized 
particles. Small particle size (nanoscale) is prefer d with polyanion cathodes due to their 
low electronic (<10-9 S-cm
-1) and ionic (< 10-12 cm2-s-1 ) conductivity51,16.  Additionally, 
LiCoPO4 (Cmcm) has been reported via the conversion of LiCoPO4 (Pnma) at high 
pressure (15 GPa) but with no electrochemical data is vailable.57 Furthermore, there 
have been a number of reports of low-temperature solvothermal synthesis of LiMPO4 
employing poly-glycols, including tetraethylene glycol, which have not yet reported or 
characterized the dependence of the produced polymorphs on the presence of water.58–61 
Here, we report the low-temperature, MW-ST synthesis of LiCoPO4 (Cmcm) and 
LiCoPO4 (Pn21a) nano-particles and their electrochemical activity, for the first time.  The 
already-known Pnma phase (olivine) of LiCoPO4 is also prepared by theMW-ST 
process at the same temperature of 260 ̊C, and the three crystalline forms are compared. 
During synthesis, the amount of water as well as ammonium hydroxide plays a critical 
role in determining which polymorph is formed. 
 
3.3. Experimental 
All three polymorphs of LiCoPO4 were formed by the MW-ST synthesis with 
tetra-ethylene glycol (TEG) (Sigma-Aldrich 99%) as the solvent. For both Pnma and 
Pn21a polymorphs, stoichiometric ratios (1 : 1 : 1) of lithium hydroxide monohydrate 
(Alfa Aesar, 98%), cobalt acetate tetrahydrate (Acros Organics 98+%), and phosphoric 
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acid (Fisher Scientific, 85%) precursors were measured and dissolved in 12 mL of TEG. 
For the Cmcm polymorph, anhydrous phosphoric acid (Aldrich 99.99%) was used 
instead of the liquid 85% phosphoric acid. Approximately, 100 mg (2.38 mmol) of 
lithium hydroxide monohydrate was used in all reactions.  Fresh, clear TEG was dried 
with anhydrous magnesium sulfate (~ 1 : 3 volume ratio) immediately prior to starting all 
reactions. The solution was stirred for 1 hour, allowed to settle for 3 hours, then decanted 
and centrifuged to separate out the remaining magnesium sulfate. In addition to the 
precursors, one-half of an equivalent of ammonium hydroxide was added to produce the 
Pn21a polymorph.  One-half of an equivalent of ammonium hydroxide and six 
equivalents of water were added to form the Pnma polymorph. The precursors were 
placed in a 30 mL borosilicate microwave vessel and stirred, for approximately 2 hours, 
until the precursors dissolved.  The solutions were th n heated in an Anton Paar 
Monowave 300 as quickly as possible to 260 ̊C, as measured by the infrared temperature 
sensor. The solution was heated with up to 800 W of power corresponding to a heating 
rate of ~100 oC-min-1. The reaction mixture was held at 260 oC for 30 minutes while 
being stirred at 600 RPM.  The synthesized samples were washed 3 times with acetone 
and subjected to 5 minutes of ultra-sonication to break up agglomerations prior to 
centrifugation.  The samples were then dried in an air oven at 100 ̊C. 
Powder X-ray diffraction (XRD) patterns were collect d from 10 - 120̊ 2θ at 1.2 
degrees per second.  Thermogravimetric analysis (TGA) was performed in an inert argon 
atmosphere at a heating rate of 10 ̊C/min. The ICP-OES was calibrated with standard 
solutions (Ricca Chemical Company) of lithium, cobalt, nd phosphorous. Coin cells 
were made with commercial Purolyte A6 series (Novolyte Technologies) electrolyte 
comprised of a 1 : 1 mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) 
and 1 M lithium-tetrafluorophosphate (LiPF6).  The cells were rested for 24 h before 
testing. Electrochemical tests, cyclic voltammetry (CV), and galvanostatic charge/dis-
charge were performed with an Arbin Instruments battery test system.   
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3.4. Results and Discussion 
3.4.1. Structure and Morphology 
The as-synthesized materials formed in three distinct colors, dark pink, dark blue, 
and light pink, as shown in Figure 3.1, corresponding, respectively, to Pnma, Pn21a, and 
Cmcm polymorphs. The SEM micrographs showed that the Pnma and Pn21a polymorphs 
have a similar nano-rod morphology with ~ 200 nm width and up to 1 µm length. The 
Cmcm polymorph formed with a nano-sheet morphology with ~ 50 nm thick, 200 nm 
wide, and 1 to 3 µm length. This morphology is favorable to perform electrochemical 
measurments on LiMPO4 materials.
62 The three LiCoPO4 polymorphs all belong to the 
orthorhombic crystal system. The powder XRD patterns of the three polymorphs are 
shown in Figure 3.2.  
 
 
Figure 3.1. SEM micrographs and color photos of the three polymrphs of LiCoPO4: (a) 




Figure 3.2. Powder XRD patterns of the three polymorphs of LiCoPO4. 
 
Figure 3.3. Rietveld refinement results of LiCoPO4 (Cmcm). Green line shows the 




The LiCoPO4 (Pnma) and (Cmcm) polymorphs were synthesized in pure forms 
with little or no mixing between them, as indicated by the absence of alternate phase 
peaks. The LiCoPO4 (Pn21a) polymorph formed with a slight LiCoPO4 (Cmcm) impurity 
which was determined to be approximately 2.5 wieght % of the sample via multiphase 
Rietveld refinement. The Pnma space group was identified using the ICSD database. Th  
Pn21a and the Cmcm space groups were identified via the Rietveld method using 
LiZnPO4 (ICSD No. 01-083-0264) and β-LiFePO4 (ICSD No. 01-072-7847) as 
prototypes, resepectively. Rietveld refinement was performed over a range of 10 - 120 
degrees 2θ for all three LiCoPO4 polymorphs. LiCoPO4  (Cmcm) polymorph structure 
has been reported once previously57 via a high pressure (15 MPa) synthesis, although it 
was referred to as a ‘Na2CrO4-like’ structure which belongs to the Cmcm space group. 
The Rietveld refinement results of the low-temperature MW-ST LiCoPO4 (Cmcm) 
polymorph are shown in Figure 3.3. The observed pattern is shown as red circles, the 
calculated pattern is shown as a black line, and the difference between these two is 
indicated in green. The absence of non-indexed Bragg peaks suggests there are no 
impurity phases present in the sample. Furthermore, the low value of 1.06 for χ2 indicates 
that the refined structure is in good agreement with the experimentally measured data. 
The crystallographic parameters of the refined LiCoPO4 (Cmcm) phase are shown in 
Table 3.1 and the atomic positions are presented in Table 3.2. The empirical results of the 
Rietveld refinement were used to generate images of the crystallographic structure of 
LiCoPO4 (Cmcm), shown in Figure 3.4, using the VESTA software.  Rietveld refinement 
was also carried out on the Pnma and Pn21a LiCoPO4 polymorphs and is shown in Figure 
3.5 and Figure 3.7, respectively.  Moreover, images of the crystallographic of the Pnma 
and Pn21a LiCoPO4 polymorphs were also generated and are shown in  Figure 3.6 and 




Table 3.1. Crystallographic parameters of LiCoPO4 (Cmcm) as determined by the 
Rietveld refinement 
Crystallographic parameters of LiCoPO4 
(Cmcm) 
Empirical Formula LiCoPO4 
Crystal System Orthorhombic 
Space group (No.) Cmcm (63) 
a (Ǻ) 5.423(1) 
b (Ǻ) 8.161(1) 
c (Ǻ) 6.222(0) 
V (Ǻ) 275.40 
2θ range (degrees) 10-120 
2θ step increment (degrees) continuous 





Figure 3.4. Illustration of the LiCoPO4 (Cmcm) structure along a, b, and c 
crystallographic axes. Also, the projection illustrating the possible channels for lithium 





Table 3.2. Atomic positions of LiCoPO4 (Cmcm) 
 
Wyck. x/a y/b z/c Occ. 
Li 4c 0.0000 0.6766 0.2500 1.000 
Co 4a 0.0000 0.0000 0.0000 1.000 
P 4c 0.0000 0.3496 0.2500 1.000 
O1 8f 0.2295 0.4657 0.2500 1.000 
O2 8g 0.0000 0.2483 0.0478 1.000 
 
Table 3.3. Atomic positions of LiCoPO4 (Pnma) 
Atom Wyck. x/a y/b z/c Occ. 
Li 4a 0.0000 0.0000 0.0000 1.000 
Co 4c 0.2216 0.2500 0.5204 0.999 
P 4c 0.4044 0.2500 0.0801 0.994 
O1 4c 0.4048 0.2500 0.7587 1.000 
O2 4c 0.0442 0.2500 0.2863 1.000 
O3 8d 0.3325 0.0448 0.2178 1.000 
 
Table 3.4. Crystallographic parameters of LiCoPO4 (Pnma) 
Crystallographic parameters of LiCoPO4 - Pnma  
Empirical formula LiCoPO4 
Crystal system Orthorhombic 
Space group Pnma 
Space group No. 62 
a (Ǻ) 10.199(4) 
b (Ǻ) 5.918(7) 
c (Ǻ) 4.699(6) 
V (Ǻ3) 283.71 
2θ range (o) 10-120 
2θ step increment (o) 0.02 







Figure 3.5. Rietveld refinement results of LiCoPO4 (Pnma). 
 
 





Table 3.5. Atomic positions of LiCoPO4 (Pn21a) 
Atom Wyck. x/a y/b z/c Occ. 
Li 4a 0.8926 0.7453 0.3405 1.000 
Co 4a 0.3456 0.2142 0.1978 1.000 
P 4a 0.4120 0.4634 0.6705 1.000 
O1 4a 0.3461 0.2949 0.8236 1.000 
O2 4a 0.1645 0.2345 0.2923 1.000 
O3 4a 0.3979 0.4578 0.3495 1.000 
O4 4a 0.4308 0.0000 0.2396 1.000 
 
Table 3.6. Crystallographic parameters of LiCoPO4 (Pn21a) 
Crystallographic parameters of LiCoPO4 – Pn21a  
Empirical formula LiCoPO4 
Crystal system Orthorhombic 
Space group Pn21a 
Space group No. 33 
a (Ǻ) 10.039(7) 
b (Ǻ) 6.712(3) 
c (Ǻ) 4.963(7) 
V (Ǻ3) 334.50 
2θ range (o) 10-120 
2θ step increment (o) 0.02 







Figure 3.7. Rietveld refinement results of LiCoPO4 (Pn21a). 
 
Figure 3.8. Crystal structure of LiCoPO4 (Pn21a). 
A comparison between the lattice parameters and unit cell volume of the three LiCoPO4 
polymorphs is presented in Table 3.  The Pn21a polymorph is the least dense, with the 
Pnma and Cmcm polymorphs having 15% and 17% higher densities, respectively.  
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Table 3.7. Comparison of the crystallographic parameters of the three polymorphs 
Phase 
(No.) 
a (Ǻ) b (Ǻ) c (Ǻ) V (Ǻ
3) 
Pnma (62) 10.199(4) 5.918(7) 4.699(6) 283.71 
Pn21a 
(33) 




5.423(1) 8.161(1) 6.222(0) 
275.40 
 
The low density of the Pn21a polymorph is due to the corner-shared tetrahedral 
coordinated cobalt ions, which leads to a less dense packing compared to the edge-shared 
octahedral coordinated cobalt ions in the Pnma and Cmcm polymorphs.  The Cmcm 
polymorph has the highest density among the three polymorphs and has smaller pathways 
for lithium ion migration, which may contribute to he lower observed electrochemical 
activity. 
3.4.2. MW-ST Synthesis Parameters 
The presence of water and ammonium hydroxide critically impacted which 
polymorph of LiCoPO4 would form.  TEG is hygroscopic and absorbs water from the 
ambient environment.63  Therefore, it was critical to control the water content of the TEG 
to get reproducible synthesis conditions. Figure 5 shows the dependence of the wt. % of 
the phases formed on water content. These experiments were carried out by first drying 
the TEG with anhydrous MgSO4 and then adding the indicated amount of deionized 
water.  The weight percentages of the Pnma and Cmcm polymorphs were estimated with 
multi-phase Rietveld refinement. The use of anhydrous phosphoric acid and dry TEG 
during synthesis results in the formation of > 99% Cmcm polymorph by weight.  The 
introduction of 2% water by volume (200 µL) results in ~ 22% Pnma and 78% Cmcm 
phases by weight. The preference of the production of the Pnma polymorph continues to 
increase with increasing water content, but has lower sensitivity,  reaching ~ 29% Pnma 
by weight at 6 volume % water. Therefore, the ratio of the Pnma and Cmcm polymorphs 




Figure 3.9. Dependence of the percentage of the Pnma and Cmcm phases on the volume 
percent water in TEG. 
. 
3.4.3. Materials Characterization  
The stoichiometries of the three LiCoPO4 polymorphs were measured with ICP-
OES and the results are presented in Table 3.8.  The stoichiometry of each of the 
polymorphs is close to the nominal stoichiometry of LiCoPO4, with any variances within 
the range of experimental error. 
Table 3.8. Verification of the chemical compositions of the three polymorph of LiCoPO4 
Phase 
ICP stoichiometry 
Li/P Co/P P 
Pnma 1.03 1.03 1.00 
Pn21a 1.04 1.02 1.00 
Cmcm 1.04 0.96 1.00 
 
The FTIR spectra of the three LiCoPO4 polymorphs are shown in Figure 3.10. 
The absorption peaks from 900 to 1200 cm-1 correspond to the bond stretching of the 
PO4
-3 anion group while the peaks from 400 to 700 cm-1 correspond to the bending 
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modes.64 Specifically, for the Pnma polymorph, the 938 cm-1 band is the symmetric 
stretching υ1 mode. The three bands from 1020 to 1170 cm-1 belong to the antisymmetric 
stretching υ3 mode and are due to the site symmetry of the PO43- anion in the Pnma 
structure.65 The υ1 mode of the Pn21a polymorph is inactive and the three υ3 bands are 
present but shifted to lower wavenumbers.  The Pn21a polymorph has a more covalent P-
O bond due to the four-coordinated cobalt ions compared to the six-coordinated cobalt 
ions in the Pnma polymorph.56 Consequently, due to the inductive effect across the P-O-
Co bond group, the Co-O bond is likely less covalent in the Pn21a polymorph. The Cmcm 
polymorph has both the υ1 and υ3 stretching modes. The splitting of the υ3 mode is 
suppressed due to the lower C2 site symmetry in the Cmcm structure.   
 
Figure 3.10. FTIR spectra of the three LiCoPO4 polymorphs. 
 
The Raman spectra of the three LiCoPO4 polymorphs are shown in Figure 3.11. 
Collecting Raman spectra was difficult because the las r had sufficient intensity to cause 
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both the Pn21a and Cmcm polymorphs to undergo phase transitions to the Pnma 
polymorphs. Scans were collected at the highest laser power at which the spectrum 
appeared to be stable over time. Furthermore, both the Pn21a and Cmcm polymorphs 
suffered from florescence, which increased the background noise in the spectra. The 
peaks in LiCoPO4 (Pnma) at ~ 950 and ~ 1050 cm
-1 are attributed to the antisymmetric 
stretching of PO4
3- (υ3) while the peak at 990 cm-1 belongs to the symmetric stretching υ1. 
The bands at 580 and 625 cm-1 in the LiCoPO4 (Pnma) correspond to the υ4 bending 
modes, while the peak at 440 cm-1 corresponds to the υ2 bending mode.66 The precise 
assignment of the Raman peaks below 800 cm-1 for the Cmcm and Pn21a polymorphs 
would require the use of density functional theory simulations.67  
 
Figure 3.11. Raman spectra of the three LiCoPO4 polymorphs. 
The TGA/DSC data are presented in Figure 3.12. The Pnma polymorph was 
found to be stable up to 800 ̊C and did not experience any mass loss. The Pn21a 
polymorph had an endothermic event starting at 200 ̊C accompanied by a mass loss.  The 
mass loss is attributed to entrained residual water or ammonia, remaining from synthesis, 
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coming off the sample.  The presence of residual ammonia or water may lead to the 
formation of HF in the presence of LiPF6, which would be detrimental to electrochemical 
cycleability. The endothermic event at ~ 340 ̊C does not have a mass loss and likely 
corresponds to the phase transformation of Pn21a to Pnma.   
 
Figure 3.12. TGA plots of the as-synthesized LiCoPO4 polymorphs. Only shown to 500 
oC for clarity. 
 
The Cmcm polymorph has an endothermic event at 400 oC with a small (< 0.5%) 
simultaneous mass loss, the cause of which is un-known.  The Cmcm polymorph was 
heated to various temperatures (425 ̊C to 600 ̊C in 25 ̊C increments) for 8 h in an argon 
atmosphere and was found to transform to the Pnma polymorph upon heating.  The start 
of the phase transition occurred ~ 475 ̊C and did not fully complete until 600 ̊C. The 




3.4.4. Electrochemical Characterization 
The three polymorphs were characterized by both galvanostatic charge/discharge 
as well as cyclic voltammetry. The results of the CV testing are shown in Figure 3.13. All 
of the tests were run at a rate of 0.05 mV-s-1. The LiCoPO4 (Pnma) has the expected 
redox peaks at 4.8 and 4.9 V.22 The LiCoPO4 (Pn21a) polymorph nano-particles have one 
redox peak at 4.95 V. The LiCoPO4 (Cmcm) polymorph has an irreversible redox peak at 
~ 4.3 V, which agrees with the computationally predicted redox peak68. Although lithium 
was de-intercalated from LiCoPO4 (Cmcm) at 4.3 V, this was not reversible as indicated 
by the absence of the corresponding redox peak on discharge.  The peak at 4.3 V is not 
attributed to decomposition of the electrolyte because this is well below the upper 
potential of the electrolyte stability window,69 as well as agreeing with computationally 
predicted potential. The LiCoPO4 (Pnma) redox couples agree with previously published 
results and corresponds to the redox of two two-phase regions,22 specifically 
LiCoPO4/Li0.66CoPO4 and Li0.66CoPO4/CoPO4. Both the Pn21a and the Cmcm 
polymorphs have a single redox peak which indicates th y do not have the Li0.66CoPO4 or 
any other line phase. The CV tests show that the three different phases of LiCoPO4 have 
distinctly different electrochemical properties and re ox potentials.  The variation in the 
redox potentials is most likely due to the different bonding environment of the cobalt in 
the three different polymorphs.  Furthermore, the higher potential of Pn21a compared to 
Pnma polymorph observed via electrochemistry correlates with the Pn21a Co-O bond 




Figure 3.13. Cyclic Voltammagram of the three LiCoPO4 phases. Cmcm and Pnma 
phases were run from 2.5 to 5 V and the Pn21a phase was run from 2.5 to 5.3 V. All CVs 
were run at a rate of 0.05 mV-s-1. 
In addition to CV testing, galvanostatic charge discharge testing was also 
performed. No attempt was made to optimize the electrode performance. A number of 
methods have been demonstrated previously to increase the capacity of LiCoPO4 (Pnma), 
including carbon coating, ball milling, or coating with a conductive polymer such as 
PDOT.70–72. Many of the optimization methods may not be compatible with the low-
temperature LiCoPO4 (Cmcm) and LiCoPO4 (Pn21a) polymorphs. Therefore, the 
materials were tested by simply mixing with 20 wt.% carbon to avoid complications of 
the comparisons of the three phases.  The three polymorphs of LiCoPO4 showed first-
cycle discharge capacities of 67, 33  and 6 mAh-g-1, respectively, for the Pnma, Pn21a, 
and Cmcm polymorphs.  The specific capacities are reported based on active material 
weight excluding the carbon and the binder. The LiCoPO4 (Pnma) first cycle discharge 
capacity of  67 mAhg-1 is significantly less than previously reported first discharge 
capacities in more optimized electrode/electrolyte systems of 120 - 130 mAhg-1.55,73 All 
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of the LiCoPO4 polymorphs experienced relatively rapid capacity fade, which is largely 
attributed to the high operating voltage and the use of a sub-optimal EC:DMC electrolyte, 
but it could also be due to poor conductivity. 
 
Figure 3.14. Galvanostatic first charge/discharge profiles of LiCoPO4 phases at C/10 
rate. The Pnma and Cmcm phases were tested at 3.0-5.0 V and the Cmcm phase at 3.5-4.7 
V. 
3.5. Conclusion 
Three different polymorphs of LiCoPO4 were successfully synthesized via a facile 
microwave-assisted solvothermal method.  The production of each of the polymorph was 
highly sensitive to the presence of small amounts of water in the solvent, TEG.  The 
sensitivity of the phases generated may translate to the MW-ST synthesis of other 
LiMPO4 materials. The synthesis of LiCoPO4 Cmcm was demonstrated at low 
temperature. The lithium extraction/insertion reaction with the LiCoPO4 (Cmcm) 
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polymorph was presented for the first time, but it was not reversible.  FTIR spectroscopy 
gave empirical evidence to the change in the covalence of the P-O bond in the different 
polymorphs of LiCoPO4. The LiCoPO4 (Pn21a) polymorphs could be a promising 
candidate for future research due to the high theoretical specific energy capacity and 
demonstrated electrochemical activity. The problem of the residual ammonia needs to be 
addressed, and the cycleability improved for the Pn21a polymorph to be used as a 





Chapter 4: Aliovalent Substitution of V3+ for Co2+ in LiCoPO4 by a 
Low-temperature Microwave-assisted Solvothermal Process2 
 
4.1. Abstract 
Electrical and ionic conductivity has proven to be a major limiting factor in the adoption 
of high-voltage polyanion cathode materials, specifically LiMPO4 (M = Mn, Co, Ni).  
While the aliovalent substitution of V3+ for Fe2+ in LiFePO4 has been shown recently, no 
conclusive evidence is available for aliovalent substitutions in the analogous LiCoPO4.  
This study presents a low-temperature microwave-assisted solvothermal synthesis and 
characterization of aliovalently substituted LiCo1-3x/2Vx☐x/2PO4 for x ≤ 0.07. The as 
synthesized LiCo1-3x/2Vx☐x/2PO4 samples belonging to the Pn21a space group are 
transformed to the Pnma polymorph via calcination in an inert atmosphere at 525 ̊C. The 
LiCo1-3x/2Vx☐x/2PO4 samples are characterized with scanning electron microscopy, X-ray 
diffraction, Rietveld refinement, inductively coupled plasma optical emissions 
spectroscopy, Raman & infrared spectroscopy, galvanost tic charge/discharge, 
electrochemical impedance spectroscopy, and cyclic voltammetry. Unlike the prior 
reports of aliovalent substitution via high-temperatu e methods, the LiCo1-3x/2Vx☐x/2PO4 
samples presented here experienced a systematic decreas  in the unit cell volume with 
increasing vanadium substitution. The electrochemical performance and cyclability of 
LiCo1-3x/2Vx☐x/2PO4 is greatly improved compared to the unsubstituted LiCoPO4.   
4.2. Introduction 
Lithium-ion batteries have assisted the proliferation of mobile electronics and 
enabled the nascent adoption of electric and hybrid electric vehicles. Wide spread 
adoption of electric transportation requires the advent of cost-effective, higher energy 
density batteries.  Polyanion cathodes are promising candidates as next-generation 
                                                          
2
 The majority of the work discussed in this chapter was carried out by Karl Kreder.  Gaurav Assat provided 
assistance in conducting experiments. This chapter is based on previously published work: K. Kreder, G. 




 in LiCoPO4 by a Low-Temperature 
Microwave-Assisted Solvothermal Process,” Chemistry of Materials, 28, 1847-1853 (2016). 
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intercalation compounds because they offer higher voltages and multi-ion reactions 
which have higher theoretical energy density compared to incumbent technologies. 
Manthiram and Goodenough initially investigated the polyanion compounds 
Fe2(XO4)3 ( X = Mo, W, S ) in the late 1980’s.
49,50  Subsequently, Goodenough’s group 
developed LiFePO4, which initially suffered from low power density due to poor 
electrical conductivity.13 Over the next several years it was demonstrated that nanosizing 
LiFePO4 led to improved rate capability and exceptional cyclability.
16,74 In 2004, Nazar et 
al, demonstrated that early reports of increase in lectronic conductivity due to low 
percentage doping of olivine phosphates was likely due to interspersed conductive metal 
phosphide phases at particle boundaries.75 Subsequently, both our group and 
Whittingham’s group have demonstrated the substitution of 10 to 20 % V3+ in 
LiFePO4.
76,77,26,78 Following the demonstration of the aliovalent substitution of V3+ in 
LiFePO4, our group demonstrated aliovalent substitution of vanadium in LiMnPO4 and 
the resulting improved conductivity and electrochemistry.79  Additionally, our group has 
also demonstrated that the formation of the various polymorphs (Pnma, Pn21a, and 
Cmcm) of LiCoPO4 are critically dependent on the presence of both water and ammonia 
during microwave-assisted solvothermal (MW-ST) synthesis.80 
This investigation reports the low-temperature, low-pressure, MW-ST synthesis 
of vanadium substituted LiCo1-3x/2Vx☐x/2PO4 at 240 ̊C. LiCo1-3x/2Vx☐x/2PO4 is 
synthesized for values of x ≤ 0.07. Furthermore, it is demonstrated that the low-
temperature synthesis is critical to achieving higher levels of vanadium substitution.  The 
substituted LiCo1-3x/2Vx☐x/2PO4 show improved electrical and ionic conductivity, leading 
to improved electrochemical properties.  
4.3. Experimental 
4.3.1. Microwave-assisted Solvothermal Synthesis 
All the LiCo1-3x/2Vx☐x/2PO4 were synthesized via MW-ST synthesis with a 
tetraethylene glycol (TEG) (Sigma-Aldrich 99%) solvent. LiCoPO4 was synthesized with 
stoichiometric ratios (1 : 1 : 1) of cobalt acetate tetrahydrate (593 mg) (Acros Organics 
98+%), lithium hydroxide monohydrate (100 mg) (Alfa Aesar, 98%), phosphoric acid 
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(163 µL) (Fisher Scientific, 85%) were dissolved in 10 mL of TEG. The vanadium 
substituted samples were produced by adding an appropriate amount of vanadium tri-
isopropoxide (Alfa Aesar, 96%) while simultaneously decreasing the amount of cobalt 
acetate tetrahydrate. The specific amounts of precursors used to synthesize the various 
LiCo1-3x/2Vx☐x/2PO4 are summarized in Table 4.1. 
Table 4.1. Precursor amounts used to generate LiCo1-3x/2Vx☐x/2PO4 samples 
Sample 
Precursor (mmol)a 
LiOH Co-Ac H3PO4 V-Iso 
LiCoPO4 2.38 2.38 2.38 0.0 
LiCo0.97V0.02☐0.01PO4 2.38 2.31 2.38 0.048 
LiCo0.94V0.04☐0.02PO4 2.38 2.24 2.38 0.095 
LiCo0.91V0.06☐0.003PO4 2.38 2.17 2.38 0.143 
LiCo0.88V0.08☐0.04PO4 2.38 2.10 2.38 0.191 
a Co-Ac and V-Iso refer, respectively, to cobalt acet t  
tetrahydrate and vanadium triisopropoxide. 
 
Varying amounts of ammonium hydroxide (Fisher Scientific 14.8 N) were added 
to the samples with lower amounts of vanadium substit tion, specifically, 60, 40, and 20 
µL, respectively, for the x = 0.00, 0.02, and 0.04 samples. The addition of ammonia 
encouraged the formation of the Pn21a phase rather than the Cmcm phase, which was 
critical to ensure complete conversion of the MW-ST samples to Pnma at 525 oC.81 The 
TEG was dried with 4A molecular sieves (Fisher Scientific) for more than 8 hours prior 
to use. The precursor solution was subjected to microwave-assisted solvothermal process 
with an Anton-Paar Monowave 300 in a 20 mL borosilicate vessel. The solutions were 
heated to 50 ̊C and stirred at 600 rpm for 5 min to ensure homogeneous mixing of the 
precursors. Subsequently, the solutions were heated as fast as possible with 850 W of 
power to 240 ̊C, as measured by an infrared sensor, and held for 30 min. The average 
pressure inside the vessels remained below ~ 5 bar. Upon cooling, the samples were 
washed with acetone, sonicated for 5 min, and the product was than separated via 
centrifugation. This washing of the samples to remove the TEG was repeated 3 times. 
The samples were then dried at 100 ̊C in an air oven. The as produced samples were dark 
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blue in color and belonged to the Pn21a space group, as determined by x-ray diffraction. 
Samples, which had higher amounts of vanadium substit tion, were darker blue than the 
unsubstituted LiCoPO4. All the samples were then post fired at 525 ̊C in a ultra-high 
purity (UHP) 10% H2 : 90% Ar atmosphere for 12 h. Upon calcination, all samples 
converted to the Pnma polymorph of LiCo1-3x/2Vx☐x/2PO4. 
4.3.2. Materials Characterization 
Powder X-ray diffraction (XRD) diffraction patterns were taken in continuous 
mode over a 2θ range of 10 - 120̊ at two degrees per minute.  The stoichiometry of the as-
prepared LiCo1-3x/2Vx☐x/2PO4 samples were determined by inductively coupled plasma 
optical emission spectroscopy (ICP-OES) with a Varian 715-ES instrument. The Varian 
715-ES instrument was calibrated with lithium, vanadium, cobalt, and phosphorous 
standard solutions (Ricca Chemical Company). 
4.3.3. Electrochemical Characterization 
The electrodes were dried in a vacuum oven at 150 oC for > 24 h prior to making 
cells. Purolyte A6 electrolyte (Novolyte Technologies) comprising of a 1 : 1 ratio of 
dimethyl carbonate (DMC) and ethylene carbonate (EC) with 1 M lithium-
tetrafluorophosphate (LiPF6) was used.  The cells were kept for at least 24 h prior to 
testing. Galvanostatic charge/discharge and cyclic voltammetry (CV) measurements were 
carried out on an Arbin Instruments test system.  Electrochemical impedance 
spectroscopy (EIS) was performed on the cells with a Solartron 1260A impedance 
analyzer with a frequency sweep range of 1 MHz to 100 mHz.  
4.4. Results and Discussion 
4.4.1. Structure and Morphology 
Single-phase LiCo1-3x/2Vx☐x/2PO4 samples were obtained for nominal values of x 
= 0.0, 0.02, 0.04, 0.06, and 0.08. SEM micrographs (Figure 4.1) of the samples show 
nanoparticle morphology with average particles ranging in size from 100 to 500 nm. The 
performance of the low-conductivity LiMPO4 (M = Fe, Mn, Co) cathodes has been 
shown to depend upon morphology.  The consistent morphology of the as-synthesized 
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LiCo1-3x/2Vx☐x/2PO4 ensures that the subsequent electrochemical results hould not be 
greatly influenced by the differences in sample morph logies. The precise 
stoichiometries of the samples were determined by ICP-OES data and are presented in 
Table 4.2. The ICP-OES results match closely to the nominal stoichiometries, with the 




Figure 4.1. SEM micrographs of (a) LiCoPO4, (b) LiCo0.94V0.04☐ 0.02PO4, and (c) 
LiCo0.88V0.08☐0.04PO4 
 
Attempts at synthesis of samples with vanadium contents higher than x = 0.08, yielded 
actual stoichiometry’s of x <= 0.07. The samples with x > 0.08 were not single phase as 
evidenced by the impurity peaks in the powder XRD patterns and/or the lattice parameter 
of the samples no longer changed. It is not currently understood if the x = 0.08 is an 
intrinsic upper limit of vanadium substitution for cobalt or if this is a limitation of the 
synthesis conditions/method. All subsequent references to the LiCo1-3x/2Vx☐ x/2PO4 
samples will use the nominal stoichiometry’s for simplicity. 
The as synthesized, MW-ST at 240 ̊C, LiCo1-3x/2Vx☐x/2PO4 samples’ XRD peaks 
were indexed to the orthorhombic Pn21a space group. The post fired LiCo1-3x/2Vx☐x/2PO4 
samples’ were indexed to the olivine structure, Pnma space group, with no un-indexed 
peaks. The conversion from Pn21a to Pnma space group started below 450 ̊C and was not 
complete until 525 ̊C. Direct synthesis of the LiCo1-3x/2Vx☐x/2PO4 Pnma polymorph in 
the microwave was not possible. 




Li/P Co/P V/P 
LiCoPO4 0.98 0.97 -- 
LiCo0.97V0.02☐0.01PO4 0.99 0.95 0.02 
LiCo0.94V0.04☐0.02PO4 1.04 0.94 0.03 
LiCo0.91V0.06☐0.003PO4 0.98 0.91 0.06 
LiCo0.88V0.08☐0.04PO4 1.01 0.87 0.07 
All samples have estimated errors of < 4% 
 
Attempts to directly form the Pnma polymorph were not successful because the 
Pn21a phase was the preferred polymorph in the presence of vanadium isoproproxide.  
Heating of the LiCo1-3x/2Vx☐x/2PO4 samples to 725 
oC caused the formation of an 
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Li 3V2(PO4)3 impurity (Figure 4.7), which is consistent with the results of previously 
reported low-temperature synthesis of vanadium substit ted LiFePO4 and LiMnPO4 
systems.77,79 Furthermore, the Li3V2(PO4)3 is the expected impurity when attempting to 
substitute vanadium in the LiMPO4 system (M = Fe, Mn) at high temperatures.
76,79,82,83 
The lattice parameters and unit cell volumes were obtained by Reitveld refinement and 
the results are presented in Table 4.3.  
Table 4.3. Crystallographic parameters of LiCo1-3x/2Vx☐ x/2PO4 as determined by 
Rietveld refinement 
Sample a (Ǻ) b (Ǻ) c (Ǻ) V (Ǻ3) χ2 Rwp 
LiCoPO4 10.20116 5.92342 4.70007 284.01 - - 
LiCoPO4 10.1968(5) 5.9205(8) 4.7011(4) 283.814 1.64 21.2 
LiCo0.97V0.02☐0.01PO4 10.1941(7) 5.9185(8) 4.7002(1) 283.587 1.58 21.5 
LiCo0.94V0.04☐0.02PO4 10.1925(2) 5.9174(1) 4.6989(1) 283.406 1.45 23.7 
LiCo0.91V0.06☐0.03PO4 10.1912(0) 5.9168(5) 4.6979(9) 283.287 1.75 21.8 
LiCo0.88V0.08☐0.04PO4 10.1896(4) 5.9159(7) 4.6975(6) 283.176 1.60 17.9 
 
The Reitveld refinement fitting to the X-ray powder diffraction patterns for the 
LiCoPO4, LiCo0.97V0.02☐0.01PO4, LiCo0.94V0.04☐0.02PO4, LiCo0.91V0.06☐0.003PO4 and 
LiCo0.88V0.08☐0.04PO4 samples are presented in, respectively, Figure 4.2, Figure 4.3, 
Figure 4.4, Figure 4.5, and Figure 4.6.  The atomic positions and occupancies derived 
from each of the Rietveld simulations are presented in Table 4.4, Table 4.5, Table 4.6, 





Table 4.4. Atomic positions of LiCoPO4 (Pnma) 
Atom Wyck. x/a y/b z/c Occ. 
Li 4a 0.5000 0.5000 0.5000 1.000 
Co 4c 0.2777 0.2500 0.9785 0.996 
P 4c 0.0929 0.2500 0.4197 0.977 
O1 4c 0.0992 0.2500 0.7431 0.997 
O2 4c 0.4538 0.2500 0.2136 0.982 
O3 8d 0.1630 0.0497 0.2810 0.994 
 
 





Table 4.5. Atomic positions of LiCo0.97V0.02□0.01PO4  (Pnma) 
Atom Wyck. x/a y/b z/c Occ. 
Li 4a 0.5000 0.5000 0.5000 1.000 
Co 4c 0.2785 0.2500 0.9793 0.970 
P 4c 0.0943 0.2500 0.4181 1.000 
O1 4c 0.0996 0.2500 0.7399 1.000 
O2 4c 0.4538 0.2500 0.2192 1.000 
O3 8d 0.1615 0.0460 0.2820 1.000 
V 4c 0.2785 0.2500 0.9793 0.016 
 
 





Table 4.6. Atomic positions of LiCo0.94V0.04□0.02PO4 (Pnma) 
Atom Wyck. x/a y/b z/c Occ. 
Li 4a 0.5000 0.5000 0.5000 1.000 
Co 4c 0.2788 0.2500 0.9801 0.934 
P 4c 0.0941 0.2500 0.4181 1.000 
O1 4c 0.0968 0.2500 0.7513 1.000 
O2 4c 0.4554 0.2500 0.2134 1.000 
O3 8d 0.1663 0.0461 0.2793 1.000 
V 4c 0.2788 0.2500 0.9801 0.041 
 
 
Figure 4.4. Rietveld refinement results of LiCo0.94V0.04□0.02PO4.  
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Table 4.7. Atomic positions of LiCo0.91V0.06□0.03PO4 (Pnma) 
Atom Wyck. x/a y/b z/c Occ. 
Li 4a 0.5000 0.5000 0.5000 1.000 
Co 4c 0.2788 0.2500 0.9823 0.880 
P 4c 0.0926 0.2500 0.4131 1.000 
O1 4c 0.1058 0.2500 0.7532 1.000 
O2 4c 0.4561 0.2500 0.2155 1.000 
O3 8d 0.1712 0.0375 0.2767 1.000 
V 4c 0.2788 0.2500 0.9823 0.066 
 
 




Table 4.8. Atomic positions of LiCo0.88V0.08□0.04PO4 (Pnma) 
Atom Wyck. x/a y/b z/c Occ. 
Li 4a 0.5000 0.5000 0.5000 1.000 
Co 4c 0.2720 0.2500 0.9783 0.904 
P 4c 0.0943 0.2500 0.4179 1.000 
O1 4c 0.0971 0.2500 0.7452 1.000 
O2 4c 0.4583 0.2500 0.2152 1.000 
O3 8d 0.1692 0.0429 0.2827 1.000 
V 4c 0.2887 0.2500 0.9783 0.062 
 
 





The dependence of LiCo1-3x/2Vx☐x/2PO4 lattice parameters on vanadium content is shown 
in Figure 4.8. The estimated standard deviation (ESD) in the lattice parameters was 
determined through Rietveld refinement and the error bars are shown in Figure 4.8. A 
systematic decrease in all three lattice parameters, (a, b, and c) and the unit cell volume is 
observed with increasing vanadium substitution. Thelattice parameter a decreases more 
in absolute terms than both b and c, but the lattice parameters change by roughly the 
same percentage. The lattice parameters and the cell volume of LiCoPO4 agree closely 
with the standardized parameters reported in Pearson’s crystolgraphic database entry 
number 1629172. Furthermore, the interpolated percentag  change in the unit cell volume 
of LiCo0.925V0.05☐0.025PO4 (283.32 Ǻ3) represents a decrease of 0.17% compared to those 
with LiMn0.925V0.05☐0.025PO4
79 and LiFe0.925V0.05☐0.025PO4,
76 which decreased by 0.36% 
and 0.18%, respectively. Therefore, the observed decrease in the unit cell volume of 





Figure 4.7. XRD patterns of the as-synthesized LiCo1-3x/2Vx☐x/2PO4, and the samples 









4.4.2. Materials Characterization 
   Energy dispersive spectroscopy was performed on the as-synthesized LiCo1-3x/2Vx
☐x/2PO4 samples to ensure that there were no vanadium rich o  poor regions within the 
sample.  The lack of vanadium rich regions indicates a single-phase solid solution rather 
than a segregation of the vanadium and the cobalt. The result of the EDS and the 
corresponding SEM image are shown in Figure 4.9.     The FTIR spectra of the LiCo1-
3x/2Vx☐x/2PO4 samples are presented in Figure 4.10. The absorption eaks located at 900 
- 1200 cm-1 are due to the bond stretching of the PO4
-3 anions, while the peaks located 
within the 400 – 700 cm-1 range are caused by the bending modes64. Specifically, the 988 
cm-1 band corresponds to the symmetric stretching mode υ1. The three absorbance bands 
located within the 1020 - 1170 cm-1 range correspond to the antisymmetric stretching υ3 
mode and are caused by the site symmetry of the PO4
3- anion.65 The FTIR patterns of the 
vanadium substituted samples have minor differences compared to the unsubstituted 
LiCoPO4. Specifically, the absorbance peak located at 988 cm
-1 corresponding to the υ1 
mode shifts to lower wave numbers with increasing vanadium substitution. Additionally, 
the FTIR patterns do not show any absorbance peaks associated with an Li3V2(PO4)3 
impurity, which agrees with the XRD results and indicates phase-pure samples. 
 




Figure 4.10. FTIR spectra of the LiCo1-3x/2Vx☐x/2PO4 samples. 
 
4.4.3. Electrochemical Characterization 
The LiCo1-3x/2Vx☐x/2PO4 materials were characterized by both cyclic 
voltammetry as well as galvanostatic charge/discharge. The cyclic voltammograms were 
generated at a scan rate of 0.05 mV-s-1.  The CV test results are presented in Figure 4.11. 
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LiCoPO4 has redox peaks at 4.87 & 4.97 V with a considerabl  polarization of 0.257 V 
between the higher potential charge and the discharge peaks. The polarization decreases 
with increasing vanadium substitution, and reaches a minimum of 0.193 V for 
LiCo0.91V0.06☐0.03PO4, corresponding to an upper redox peak potential of 4.92 V. 
Although the LiCo0.88V0.08☐0.04PO4 sample breaks the trend of decreasing polarization, it 
is still lower than that of LiCoPO4. The decrease in polarization is an evidence of 
increased electronic and/or ionic conductivity with vanadium substitution. The increase in 
electrical conductivity could be due to increased Co-O bond hybridization in the 
vanadium substituted samples.  Additionally, the lower potential redox peak at ~ 4.85 V 
during charge appears to diminish with increasing vanadium substitution.  The change in 





Figure 4.11. Cyclic Voltammagrams of LiCo1-3x/2Vx☐x/2PO4 samples cycled at 3 – 5 V 
at a rate of 0.05 mV s-1. 
 
Galvanostatic charge/discharge tests were performed on the LiCo1-3x/2Vx☐x/2PO4 samples 
to elucidate the effect of the substitution on cyclability. No additional attempts were 
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made to optimize the electrode construction. Although various extrinsic methods, such as 
ball milling and coating with a conductive polymers or carbon,  have been shown to 
increase the performance of LiCoPO4, these methods were not employed to avoid 
convolution of the results.70–72 These materials were tested with 20% conductive carbon 
to prevent post synthesis treatments from complicating the comparisons of the LiCo1-
3x/2Vx☐x/2PO4 samples.  The LiCo1-3x/2Vx☐x/2PO4 samples had a first cycle discharge 
capacity of 69, 115, 99, 94, and 97 mAh/g for x = 0, 0.02, 0.04, 0.06, and 0.08, 
respectively. Thus, all the vanadium substituted samples showed higher first cycle 
capacity compared to the LiCoPO4 sample. The LiCo0.97V0.02☐0.1PO4 sample achieved 
the highest first cycle capacity but faded much more quickly than the samples with higher 




Figure 4.12. Galvanostatic first charge/discharge of the LiCo1-3x/2Vx☐x/2PO4 samples at 
3.0-5.0 V at a rate of C/10. 
The cyclability of the LiCo1-3x/2Vx☐x/2PO4 samples are shown in Figure 4.12.  
After 20 cycles, the x = 0.08 samples had the highest retained discharge capacity of ~ 82 
mA h g-1.  Not only did vanadium substitution increase the first cycle capacity of 
LiCoPO4, but it also enhances the cycle life. 
   Electrochemical impedance spectroscopy was performed on the LiCo1-3x/2Vx☐x/2PO4 
samples to determine the effect of vanadium substitution on conductivity.  EIS was 
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performed on the as-prepared, fully discharged, coin ells after being rested for at least 24 
h. The results of EIS are shown in Figure 4.14.  The semicircle is a combination of the 
electrode resistance and the charge-transfer impedanc  of the electrode-electrolyte 
interface. Since the charge-transfer impedance should be similar for each of the samples, 
due to similar morphology, the decrease in the semicircle size can be largely attributed to 
a decrease in the electrode resistance. 
 
Figure 4.13. Cyclability of the LiCo1-3x/2Vx☐x/2PO4 samples between 3 and 5 V at C/10 
rate. 
  The Warburg impedance, which is associated with the Li-ion diffusion in the 
electrode material, is shown in Figure 4.15.  The LiCo1-3x/2Vx☐x/2PO4 samples show 
lower Warburg impedance corresponding to higher lithium-ion diffusion with increasing 









where  is the gas constant (8.314 J-mol-1-K-1), 	 is temperature,  is electrode 
area,  is number of electrons per molecule, C is lithium ion concentration, F is Faraday’s 
constant (96,486 C-mol-1), and sigma is the slope of the Warburg impedance.  The value 
for the lithium ion diffusion coefficient were calculated based on the Warburg impedance 
measurement and are presented in Table 4.9. 
 
Figure 4.14. Electrochemical impdedance spectroscopy of the LiCo1-3x/2Vx☐ x/2PO4 




Figure 4.15. Warburg impedance of the LiCo1-3x/2Vx☐x/2PO4. Samples, with the real 
impedance on abscissa and reciprocal square-root of frequency on the ordinate. 
Table 4.9. Computed lithium diffusion coefficients of LiCo1-3x/2Vx☐x/2PO4 samples from 
Warburg impedance 
Sample σ DLi+ (cm2-s-1) 
LiCoPO4 181.13 6.54e-15 
LiCo0.97V0.02☐0.01PO4 23.99 3.73e-13 
LiCo0.94V0.04☐0.02PO4 21.26 4.75e-13 
LiCo0.88V0.08☐0.04PO4 17.84 6.74e-13 
 
Interestingly, the electrode resistance actually increases for the x = 0.08 sample 
compared to the x = 0.02 and 0.04 samples, while the Warburg impedance decreases 
systematically with increasing vanadium content.  This may be explained by the 
vanadium substitution causing two intrinsic but competing changes to LiCoPO4 with 
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vanadium substitution, specifically electronic and ion conductivity.  The electronic 
conductivity is initially enhanced with vanadium sub titution due to the introduction of 
new charge carriers, but ultimately begins to decrease due to the increasing number of 
Co-site vacancies.  Simultaneously, the increase in Li-ion diffusion may be due to the Co 
site vacancies providing additional path-ways for lithium-ion diffusion by allowing 2-D 
diffusion rather than 1-D diffusion known to take place in unsubstituted LiCoPO4. 
4.5. Conclusion 
Vanadium-substituted LiCo1-3x/2Vx☐x/2PO4 (Pn21a space group) samples have 
been synthesized by a low-temperature microwave-assisted solvothermal method, 
followed by subsequent conversion to the Pnma space group by calcination in an inert 
atmosphere.  The substitution of vanadium was verified by the change in the unit cell 
volume with vanadium substitution as well as energy dispersive x-ray spectroscopy for 
values of x ≤ 0.07.  Vanadium substitution initially increases the electrical conductivity of 
the samples as indicated by the reduced polarization in the CVs and the reduced electrode 
resistance in the EIS data. Larger amounts of vanadium substitution continue to increase 
the ionic conductivity while subsequently decreasing the electronic conductivity. The 
cyclability of the LiCo1-3x/2Vx☐x/2PO4 samples increase with increasing substitution with 
over double the retained capacity of LiCoPO4 after 20 cycles. Overall, vanadium 
substitution enhances the electrochemical performance of LiCoPO4 and further 
investigation with more optimized high-voltage electrolytes could offer additional 
improvements in performance.  
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Chapter 5: Vanadium-substituted LiCoPO4 core with a monolithic 
LiFePO4 shell for high-voltage lithium-ion batteries3 
 
5.1. Abstract 
High-voltage lithium-ion cathodes are a promising solution to achieving higher 
energy density batteries. However, the use of high-voltage cathodes is presently limited 
by the irreversible chemical reactions occurring betwe n the cathode and the electrolyte 
at the high operating voltages.  Metal-oxide coatings on micrometer sized high-voltage 
cathode materials have been employed to improve the lectrochemical performance, but 
it is often difficult to achieve a robust, durable, monolithic coating, especially on 
nanoparticles.  This study presents a novel low-temperature microwave-assisted 
solvothermal process for realizing a robust, monolithic coating of LiFePO4 on the high-
voltage (~ 4.8 V) LiCo1-3x/2Vx□x/2PO4 (x = 0, 0.02, and 0.04) nanoparticles, offering a 
stable cathode-electrolyte interface.  The core-shell cathode obtained exhibit enhanced 
electrochemical performance compared to the uncoated sample with an initial discharge 
capacity of 145 mAh/g. A lower operating voltage of LiFePO4 (~ 3.4 V) raises the Fermi 
energy of the cathode surface above the energy of the highest occupied molecular orbital 
(HOMO) of the electrolyte, offering a chemically stable cathode-electrolyte interface 
analogous to the stable solid-electrolyte interphase l yer formed on carbon anodes. 
 
5.2. Introduction 
Lithium-ion batteries (LIBs) are facilitating the initial adoption of full electric 
vehicles.  Further proliferation of electric vehicles requires a new generation of batteries 
having higher energy density compared with the batteries used today.  Polyanion cathode 
materials are a promising group of materials that could offer higher energy densities 
through higher operating voltages with enhanced safety.  
                                                          
3
 This chapter is based on previously published work: K. Kreder,  A. Manthiram, “Vanadium-Substituted 
LiCoPO4 Core with a Monolithic LiFePO4 Shell for High-Voltage Lithium-Ion Batteries,” ACS Energy Letters, 
2, 64-69 (2017). 
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In the 1980’s, Manthiram and Goodenough investigated F 2(XO4)3 (X = Mo, W, 
S) polyanion cathode materials for LIBs.49,50  Polyanion materials are interesting because 
of their higher operating voltages compared to the corresponding metal-oxide redox 
couple due to the inductive effect. Subsequently, Goodenough’s group developed 
LiFePO4, which, unfortunately, suffered from low electrical onductivity.
13,84  The groups 
of Nazar and Hinokuma showed that the intrinsically low electrical conductivity of 
LiFePO4 could be overcome by employing nano-sized particles.
16,74  Presently, the higher 
voltage phosphates LiMPO4 with M = Co and Ni are of much interest due to their igher 
operating voltages and energy density compared to LiFePO4. Similar to LiFePO4, the 
higher-voltage analogues also suffer from low electrical conductivity.20,85 Improvements 
have been made in the electrochemical performance of LiMPO4 (M = Mn and Co) 
through both nano-sizing as well as doping.53,79,18,19,86–89 
Unfortunately, most high-voltage cathode materials operate outside the 
electrochemical stability limit of liquid electrolytes.  The incompatibility of the 
electrochemical potential of the cathode with the el ctrolyte causes irreversible side 
reactions during cycling, which consumes the electrolyte and causes capacity fade.3,90,91 
There have been numerous attempts to introduce new electrolytes and additives that are 
stable at higher voltages.83,2,92–97 Unfortunately, all of these novel electrolytes eith r 
suffer from low-ionic conductivity at low temperatures, and/or a very high cost.  This has 
prevented the high-voltage cathodes from being put into wide use.  Interestingly, the most 
commonly used anode material in lithium-ion batteries, graphitic carbon, is also outside 
the electrochemical stability window of most commonly used electrolytes.  However, in 
the case of carbon, a self-limiting solid electrolyte interphase (SEI) layer forms, which 




Figure 5.1. Fermi energies of the anode and cathode relative to the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the 
electrolyte.  The illustration also shows the lowering of the Fermi energy of a carbon 
anode by the SEI layer, and the analogous raising of the Fermi energy with the coating of 
the LiCoPO4 cathode with LiFePO4. 
The in situ formation of the anodic SEI layer was a erendipitous consequence of 
using organic carbonate electrolytes.98,37  The formation of the SEI layer lowers the Fermi 
energy of the anode surface below that of the lowest unoccupied molecular orbital 
(LUMO), creating a chemically stable interface. Unfortunately, the interactions of current 
high-voltage cathode materials, which are outside the electrochemical stability window of 
the electrolyte, do not form a stable SEI in situ.  Therefore, a promising area of research 
is to form a stable monolithic SEI layer on the cathode particles ex situ, prior to making a 
battery electrode.  The coating of the high-voltage (~ 4.8 V) LiCoPO4 cathode with the 
lower-voltage (~3.5 V) LiFePO4 can raise the Fermi energy of the cathode surface above 
the energy of the highest occupied molecular orbital, creating a chemically stable 
interface analogous to the in-situ SEI layer formed on carbon anodes. 
Previously, our group has demonstrated enhanced electrochemical cyclability with 
LiCoPO4 through an aliovalent substitution of V
3+ for Co2+, which enhances the 
electronic and ionic conductivity.89  Unfortunately, all of the LiCoPO4 materials which 
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we have previously investigated suffer from low coulombic efficiency, attributable to 
both the bulk instability of LiCoPO4 as well as the interactions with the electrolyte at 
high potentials. We present here a novel low-temperature, low-pressure microwave-
assisted solvothermal (MW-ST) method of coating LiCo1-3x/2Vx□x/2PO4 (LCVP) (x = 0, 
0.02, 0.04) with 5 wt. % LiFePO4 (LFP).  The as-prepared LFP-coated LCVP (hereafter 
denoted as LFP-LCVP) materials are then characterized with x-ray diffraction (XRD), 
transmission electron microscopy (TEM), energy disper ive spectroscopy (EDS), x-ray 
photoelectron spectroscopy (XPS) and electrochemical properties measurements in 
lithium-ion cells.  
 
5.3. Experimental Methods 
5.3.1. Microwave-assisted Solvothermal Synthesis 
Several vanadium substituted nanoparticle LCVP powders were synthesized as 
described elsewhere.  In brief, stoichiometric 1 : 1-3x/2 : x : 1 ratio of lithium hydroxide 
monohydrate (100mg)  (Alfa Aesar, 98%), cobalt acette tetrahydrate (Acros Organics 
98+%), vanadium tri-isopropoxide (Alfa Aesar, 96%), and phosphoric acid (Fisher 
Scientific, 85%) were mixed with 12 mL of dry tetraethylene glycol (TEG) (Sigma-
Aldrich 99%).  This mixture was than heated to 240 oC in an Anton-Paar microwave 
reactor for 30 min.  The samples were washed with acetone thrice.  The LCVP powders 
obtained were then post heated in an argon atmosphere at 525 oC for 4 h. Subsequently, 
200 mg of the synthesized LCVP powders were placed in a 20 mL borosilicate reaction 
vessel with 12 mL of TEG and appropriate amounts of lithium hydroxide monohydrate, 
iron acetate (Alfa Aesar, 98%), and phosphoric acidto form LFP. The solution was stirred 
and sonicated for 10 min to ensure the dispersion of the LCVP particles as well as the 
dissolution of the LFP precursors.  The solution was then heated as fast as possible with 
850 W of power to 260 oC and held for 15 min.  The synthesized LFP-coated LCVP 
materials were then washed with acetone three times and dried in an air oven.  They were 
then post calcined in an argon atmosphere at 525 oC for 4 h. 
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5.4. Materials Characterization 
The nature and morphology of the MW-ST LFP-LCVP materi ls were 
investigated with a JEM-2100F high-resolution TEM with an accelerating voltage of 200 
kV.  Energy dispersive spectroscopy (EDS) was performed on the JEM-2100F with an 
Oxford Instruments detector while operating in the scanning transmission electron 
microscopy (STEM) mode.  Powder x-ray diffraction (XRD) patterns were taken over a 
range of 10-80o 2θ in continuous mode at a rate of 3 degrees per minute. Inductively 
coupled plasma - optical omission spectroscopy (ICP-OES) performed on a Varian 715-
ES and was used to determine the chemical composition of the samples.  The ICP-OES 
was calibrated with solutions made with lithium, cobalt, vanadium, iron, and 
phosphorous standards (Ricca Chemical Company). X-ray photoelectron spectroscopy 
was performed was performed on both the uncoated LCVP and coated LFP-LCP samples. 
Two separate peaks were used to fit both the Co 2p3/2 and Co 2p1/2 peaks due to the 
existence of satellite peaks common to LiCoPO4 materials. The Co 2p3/2 peaks were 
constrained to have the same full width half max (FWHM) as their corresponding Co 
2p1/2 peaks as well as having 2 times the area.  The atomic percentage of the Co, Fe, P, 
and O in the iron containing sample were determined by the area under, respectively, the 
Co 2p1/2, Fe 2p, P 2p, and O 1s peaks with the proper relativ  sensitivity factors.  
5.4.1. Electrochemical Characterization 
The electrochemical properties of the LFP-LCVP samples were assessed by 
making CR 2032 coin cells from the synthesized powders.  Composite electrodes were 
made as described in chapter 2. Electrolyte was prepared by mixing a 3 : 7 ratio of 
ethylene-carbonate (EC) ethylmethylcarbonate (EMC) and adding 1 M of lithium-
tetraflourophosphate (LiPF6).  The cells were allowed to rest for 24 h prior to cycling.  An 
Arbin instruments test system was used to conduct cy lic voltammetry (CV) and 
galvanostatic charge/discharge tests of the cells. 
5.5. Synthesis method 
The novel method of creating nano-scale core-shell particles with a microwave-
assisted solvothermal method, and the mechanism of why it works needs elaboration.  
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Briefly, microwave synthesis heats a sample via dielectric heating. For dielectric heating, 




where ω is the angular frequency of the excitation radiation,  is the imaginary 
part of the relative complex permittivity of the sample,   is the permittivity of free 
space, and E is the electric field strength.  Samples that are  mixture may have 
constituents, which will undergo greater dielectric heating compared to the other 
constituents causing non-homogeneous heat generation.  The microwave interaction of an 
individual constituent of a mixture depends on the 
 of that constituent.  Most solvents 
that are used in microwave synthesis are chosen becaus  of their high 
 , such as 
polyethylene glycol (200 molecular weight) with an 
 of ~6.5 (@2500 Mhz).99  In 
comparison, LiCoPO4 has an 
 of ~ 67 (@10 MHz).100 Although we were unable to find 
the precise 
  for TEG and LiCoPO4 at the microwave operating frequency of 2455 
MHz, these values are illustrative of the order of magnitude higher value of 
 expected 
for many metal-oxides and metal phosphates when compared to polyglycol solvents. In 
this particular case, the microwave will locally heat the LiCoPO4 nanoparticles to a 
higher temperature than the TEG or the bulk solution temperature, as shown in Figure 2a.  
The highest solution temperature will occur locally at the surface of the nanoparticles, 
causing the LFP precursors to preferentially nucleate on the surface of the existing LCVP 
nano-particles rather than in the bulk. This method of creating hierarchical nanoparticles 
by causing surface nucleation can be extended to any combination of solvents and 
particles as long as the  ,
  << , !"
 .  This present study demonstrates the 
synthesis of ceramic-ceramic core-shell nano-particles, but this method could also be 





Figure 5.2. (a) Illustration of the MW-ST coating method as well as a graphic showing 
the expected local temperature distribution around a core LCVP nano-particle. TEM 
micrographs of (b) LiCo1-3x/2Vx□x/2PO4 (x = 0.04) showing the general particle 
morphology.  TEM micrographs of LFP-coated LiCo1-3x/2Vx□x/2PO4 (x = 0) particles 
showing (c) where the EDS line-scan was performed, (d) the core-shell structure of a 
particle oriented parallel to the beam axis, and (e) th  core-shell of a particle oriented 




      TEM micrographs (Figure 5.2b-f) show the morphology of the LFP-LCVP 
nanoparticles after the MW-ST coating. The nanoparticles have spherical or oblong 
spheroid morphologies with widths ranging from 50 to 250 nm (Figure 5.2b). The core-
shell structure of the nanoparticles was most apparent for particles which have the long 
axis parallel to the beam axis, as shown in Figure 5.2d. The shell was also seen on 
perpendicularly oriented particles, such as in Figure 5.2e, although the contrast between 
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the core and shell is lower.  The core-shell structure is composed of the core LCVP nano-
particle with an LFP coating approximately 3 - 5 nmthick.  The shell is monolithic rather 
than an agglomeration of smaller particles on the larger core particle. The monolithic 
nature of the coating is believed to be important i preventing electrolyte from 
penetrating the coating and decomposing on the LCVP particle surface during cycling. In 
addition to TEM, EDS line scans were performed on the LFP-LCVP particles to provide 
further verification of the core-shell structure. The particle shown in Figure 5.2c had a 
line-scan performed over the marked region.  The quantitative results of the EDS line-
scan are shown in Figure 5.2f.  Careful examination of the line-scan results reveals two 
features, which support the formation of an LFP shell on an LCVP core. First, the width 
of the iron, phosphorous, and oxygen signals are wider than the cobalt signal. This 
indicates that iron, phosphorous, and cobalt span the full width of the particle, while 
cobalt is not present at the edges.  Second, the shape of the iron signal is different than 
the phosphorous, oxygen, and cobalt signals. Phosphorous, cobalt, and oxygen have a 
concave down distribution, while the iron distribution is concave up.  The iron 
distribution shows that iron is concentrated equally cross the surface of the particle. The 
higher counts near the edge are due to the interaction of the beam with a larger LFP-rich 
volume as it passes through greater amounts of the coating at the particle edge.  
Unfortunately, EDS line-scans were not possible on the vanadium containing compounds 
because the LFP-coated LiCo1-3x/2Vx□x/2PO4 (x = 0.02, and 0.04) were not stable under 
the TEM electron beam. The LCVP instability is consistent with our previous work, 
which found that LCVP materials decompose at temperatures above 525 oC.89  
In addition to TEM and EDS, XPS was performed to further validate the core-
shell structure with the results presented in Figure 5.3a-d. There was some difficulty in 
performing quantitative analysis of the Fe : Co ratio owing to the overlap of the Fe LMM 
Auger peak with the photoelectron Co 2p peak, as well as overlap of the Co LMM Auger 
electron peak with the strongest iron photoelectron Fe 2p peak, shown in Figure 5.3b and 
Figure 5.3d respectively. Due to these spectral overlaps, a sample with 10% LiFePO4 
coating was used to provide a stronger iron signal rel tive to the Co LMM Auger peak. 
The overall intensity of the Co 2p peaks was signifcantly lower in the LCP-10% 
LiFePO4 sample (Figure 5.3b) compared to the uncoated LCP material (Figure 5.3a), 
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while the intensity of the O1s and P 2p peaks of both samples were nearly identical, 
indicating shielding of the Co signal by Fe. 
 
Figure 5.3. XPS spectra: (a) Co 2p peaks of uncoated LiCoPO4, (b) Co 2p and Fe LMM 
peaks of LiCoPO4-coated with 10% LiFePO4, (c) Co LMM peak of uncoated LiCoPO4, 
and (d) Fe 2p and Co LMM peaks of LiCoPO4 coated with 10% LiFePO4.  
The ratio of the Co 2p3/2 peak to the Co 2p1/2 peak was greater than 2 for the 
LiFePO4 coated material with the difference in area attributed to the Fe LMM Auger 
peak, Figure 5.3b.  Quantitative analysis of Co, Fe, P, and O was performed using the 
integrated area of the Co 2p1/2, Fe 2p, P 2p, and O 1s peaks, with the results present d in 





Table 5.1.  Atomic percent of elements in uncoated and 10% LFP coated LiCoPO4 





It can be seen that although the nominal ratio of Fe : Co in the sample is 1 : 9 XPS 
determined the ratio to be 1.16 : 1.  The overrepresentation of iron via XPS compared to 
the samples nominal stoichiometry is consistent with the iron being located at the surface 
of the particles. The diminished intensity of the Co 2p peaks, rather than complete 
suppression, is consistent with a monolithic (5-7 nm) LiFePO4 shell when considering the 
10 nm penetration depth of Al Kα radiation. Using a strictly volumetric argument, a 5-7 
nm shell with a 10 nm penetration depth would be expected to produce measured Fe to 
Co ratios ranging from 1 : 1 to 1.4 : 1 which is in agreement with the quantitative result.  
Furthermore, it should be noted that the integrated r a of the Fe 2p peaks is likely under 
represented due to the inability to fit the satellit  peaks that are known to exist for 
LiFePO4 on both the Fe 2p1/2 and Fe 2p3/2 peaks due to the presence of the Co LMM 
Auger peak. If the fitting of the satellite peaks was possible, the ratio of iron to cobalt 
would be even greater than the currently measured 1.16 : 1. The TEM, EDS, and XPS 
results provide a consistent and compelling evidence of the formation of a monolithic 
LFP coating on the LCVP particles via the MW-ST method.  
  
Sample 
XPS atomic percent 
Co Fe P O 
LiCoPO4 17.51 -- 16.27 66.21 
LiCoPO4 + 10% 
LiFePO4 





5.7. Structure, composition, and electrochemical characterization 
  
Powder x-ray diffraction patterns of all the LCVP samples were taken before and 
after coating with LFP and are presented in Figure 5.4a.  The XRD patterns show that all 
of the samples are single-phase materials, with no impurity peaks. No new identifiable 
peaks were observed corresponding to the LFP phase after coating. The lack of new 
peaks is not surprising because the LFP has the sampace group (Pnma) and similar 






Figure 5.4. (a) Powder x-ray diffraction patterns of both the uncoated and LFP-coated 
LiCo1-3x/2Vx□x/2PO4 (Pnma) after post-heating at 525 oC and LiCoPO4 (Pn21a) prior to 
post heating. (b) First cycle charge/discharge voltage profiles of both the uncoated and 
LFP-coated LiCo1-3x/2Vx□x/2PO4. (c) Cyclic voltammograms of LiCoPO4, LCVP, and 
LFP-LCVP.  (d) Discharge capacity and the coulombic efficiencies of both the uncoated 
and LFP-coated and LiCo1-3x/2Vx□x/2PO4 cycled from 3 to 5 V at a rate of 0.1C. 
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The precise stoichiometries of the LCVP samples were assessed with ICP-OES 
both before and after coating with LFP and are presented in Table 5.2. The nominal 
stoichiometries closely match the measured values.  Furthermore, the measured 
stoichiometries show that a coating of approximately ~ 4.3 at. % was achieved via the 
MW-ST method for the LCVP samples with x = 0.02 and 0.04.  
Table 5.2.  Chemical compositions of the uncoated and LFP coated LiCo1-3x/2Vx□x/2PO4 
measured by ICP-OES 
 
 
Galvanostatic charge/discharge tests were performed on the cells made with both 
the LCVP and the LFP-LCVP samples.  The cells were cycled over a 3 to 5 volt potential 
range at a rate of C/10. The first charge/discharge cycles are shown in Figure 4b.  The 
baseline LiCoPO4 material had a first discharge capacity of 103 mAh/g, while the 
capacity improved slightly for the LCVP materials with x = 0.02 and 0.04 to, 
respectively, 109 mAh/g and 107 mAh/g.  The LFP-coated LCVP samples experienced 
the greatest improvement in the first-cycle discharge capacity with 145 and 127 mAh/g 
for, respectively, the x = 0.02 and 0.04 samples.  The discharge capacity of the LFP-
coated LCVP sample with x = 0.02 had one of the highest first-cycle discharge capacities 
for LiCoPO4 reported to date in the literature and represents 87% of the theoretical 
capacity of 167 mAh/g.  A flattening of the charge/discharge curves was observed for the 
LFP coated samples.  The flattening may be due to the reduction of side reaction with the 
electrolyte during first cycle, preventing the formation of lower conductivity SEI layers. 
Sample 
ICP stoichiometry  
Li/P Co/P V/P Fe/P 
LiCoPO4 0.98 0.97 -- -- 
LiCo0.97V0.02☐0.01PO4 0.98 0.99 0.02 -- 
LiCo0.97V0.02☐0.01PO4 + 
5% LiFePO4 
0.95 0.93 0.02 0.04 
LiCo0.94V0.04☐0.02PO4 0.95 0.94 0.04 -- 
LiCo0.94V0.04☐0.02PO4 + 
5% LiFePO4 
0.91 0.89 0.04 0.04 
All samples have an estimated error of < 2%  
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The formation of significant SEI layers would create  sloping in what should otherwise 
be a nearly constant electrochemical potential of the two 2-phase regions.   
In addition to galvanostatic testing, cyclic voltammetry was performed on the 
LCVP samples (Figure 5.4c).  The cyclic voltammograms show a change in the activity 
and polarization of the LCVP materials due to both vanadium substitution as well as 
coating with LFP. The rightmost redox peak is shifted o lower potentials from 4.952 V 
for the LiCoPO4, to 4.930 and 4.912 V, respectively, for the LiCo0.97V0.02□0.01PO4, and 
LiCo0.97V0.02□0.01PO4 + 5% LiFePO4 samples.  This is a 40 mV shift down in the potential 
at the redox peak. The lower potential redox peak allows the upper potential limit for the 
charge cycle to be lowered for the LFP-LCVP samples to 4.93 V with no appreciable (< 1 
%) decrease in the discharge capacities. 
The discharge capacities as well as the coulombic efficiencies during 
galvanostatic testing are shown in Figure 5.4d.  The LFP-LCVP sample with x = 0.02, 
which had the highest initial capacity, show a 51% retention of the initial discharge 
capacity. The LFP-LCVP sample with x = 0.04 also exhibit a capacity retention of 51%.  
The rather rapid decrease in the capacity of the LiCoPO4 samples is characteristic of most 
reports.  Most recently, there have been reports that the substitution of iron, chromium, 
and silicon led to better long-term cyclability, but the coulombic efficiency remained 
under 99.5%.88 This indicates that substitution in the LiCoPO4 increased the stability of 
the bulk material during cycling, but did not fully mitigate electrolyte side reactions. The 
bulk instability during delithiation of LiCoPO4 causes the irreversible formation of 
CoP2O7.
101  The LFP coated samples have a lower polarization nd higher initial capacity, 
which means more lithium was removed during charging which would lead to the 
formation of more CoP2O7 compared to the uncoated samples, explaining the mor rapid 
rate of capacity fade in the coated samples. Interes ingly, we found a repeatable and 
systematic increase in the coulombic efficiency of the samples with LFP coating.  
Specifically, the coulombic efficiency of the LCVP sample with x = 0.02 increased from 
~ 85% to ~ 95% with the addition of the LFP coating.  A similar increase of ~ 10% in 
coulombic efficiency was also observed for the LFP-LCVP sample with x = 0.04, which 





In summary, a novel method of microwave-assisted solvothermal synthesis of 
core-shell nanoparticles has been demonstrated by coating LiFePO4 on LiCo1-
3x/2Vx□x/2PO4 (x = 0.02 and 0.04).  The MW-ST coated materials were characterized with 
TEM, EDS and XPS, which showed compelling evidence of the formation of a 
monolithic LFP layer on the LCVP samples. The electrochemical properties of the LFP-
LCVP samples were assessed and compared to that of unc ated LCVP materials as well 
as LiCoPO4. The LFP-LCVP samples showed reduced polarization and lower required 
charging potentials. The LFP-LCVP sample with x = 0.02 had one of the highest reported 
first cycle discharge capacities of 145 mAh/g.  The coulombic efficiency of the LFP-
LCVP samples increased by approximately 10% compared to the corresponding uncoated 
LCVP samples. The LFP-LCVP sample with x = 0.04 had a coulombic efficiency of 
100.00%, which indicated that the LFP coating mitigated the electrolyte side reactions.  
Further work could be carried out to investigate th effect of MW-ST synthesis of core-
shell particles with other cathode materials, which have better bulk stability than 









A novel, facile, non-hazardous, low temperature/pressure microwave solvothermal 
method of producing pure copper, silver, and nickel m tal nanofoams is presented.  The 
nanofoams have been produced using inexpensive metal acetates and polyglycol solvent.  
The nanofoam formation proceeds in two steps within a single-pot synthesis: formation 
of metal nanoparticles, followed by the sintering of nanoparticles into nanofoams. The 




Free-standing cotton like metal nanofoams, specifically copper, silver, and nickel, 
have been synthesized via a facile, one-step microwave-assisted solvothermal (MW-ST) 
method. The metal nanofoams hold great potential for use as substrates for battery and 
supercapacitor electrodes as well as catalysts.102–111 More specifically, there have been a 
number of efforts to create high power, fast charging batteries by employing 3D electrode 
architectures, particularly with lithium-ion batteries.102,103,106,107,112 These efforts have 
shown the promise of high surface area metal substrate , but unfortunately have had to 
use very tedious, multi-step, synthesis methods. Additionally, there have been several 
efforts which have sought to make all-solid state li hium-ion batteries (LIBs) by 
employing electrodeposition of active materials on t  conducting substrates, such as 
traditional micrometer sized metal foams and metal nano-wires.105,113–115 All of these 
efforts have demonstrated the need for a facile synthesis method of making high surface 
                                                          
4
 This chapter is based on previously published work: K. Kreder,  A. Manthiram, “Metal nanofoams via a 
facile microwave-assisted solvothermal process,” Chemical Communications, 53, 865-868 (2017). 
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area metal substrates.  Due to these promising applic tions, a large amount of research 
has been focused on several different synthesis appro ches.116–120 The currently known 
methods of producing high surface area metal foams include templating, dealloying, 
nanosmelting, and combustion synthesis methods.  All the current methods have a 
limitation that would hinder scale-up for most applications.   
Specifically, the templating methods all require the preparation of a nanoscale 
template, usually a pearlite structure, which takes a non-trivial amount of time to prepare. 
There are usually at least three subsequent steps, d ending on the specific method, to 
produce the nanofoam.120,121  Dealloying methods are limited to producing more 
expensive noble metal frameworks, such as silver and gold.122,123  The nanosmelting 
method is very simple, but does not create macroporous materials, nor are these materials 
phase-pure metals.124 The combustion synthesis method appears to be the most scalable, 
but requires a multi-step synthetic route using hazardous azide chemistry to produce the 
precursor.  Furthermore, most of the precursors that are used in this process were 
originally investigated for use as contact explosive .125–127 Finally, the precursors must be 
combusted in an inert atmosphere at high pressures (300 – 1000 psi), generating highly 
toxic gas by-products.118 There have also been prior reports on self-assembled 
Ni/Au/Pt/Pd nanochains via room-temperature chemical methods, but the size scale (< 20 
nm) is much smaller, making them structurally inadequate in most applications.128–130 We 
present here a novel, single-step, microwave-assisted solvothermal (MW-ST) method that 
uses inexpensive, non-hazardous, widely available polyglycol solvent and the 
corresponding metal salts, while still producing robust high surface area metal nanofoams.  
Additionally, the MW-ST method is the simplest known process, which could potentially 
be developed at scale to produce uniform metallic foams with controlled dimensions.  
 
6.3. Results and Discussion 
Accordingly, metal nanofoams of copper, silver, and nickel were synthesized via 
a low-temperature, low-pressure, MW-ST method, using the corresponding metal acetate 
as the precursor and tetraethylene glycol as the solvent. The precursors were rapidly 
heated in an Anton-Parr Monowave microwave reactor to 300 oC.  The total time to 
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Figure 6.1. (a) Illustrative process of the synthesis procedur  of the metal 
nanofoams, showing the separate steps of nanoparticle nu leation and subsequent 
sintering to form the nanofoam. (b) Pressure, temperature, and power versus time 
of the Anton-Paar microwave reactor during the synthesis of nickel metal 
nanofoam. Low and high magnification SEM micrographs of the MW-ST 
produced (c,d) copper, (e,f) silver, and (g,h) nickel nanofoams. Color photographs 
of (i) copper, (j) silver, and (k) nickel nanofoam 
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The nanofoam formation appeared to occur with two distinct steps within the 
single-pot synthesis process, as shown in Figure 6.1a.  The first step is the well-
known reduction of the metal acetate to metal by the TEG, which produces metal 
nanoparticles.131 The nanoparticles subsequently undergo growth as the acetate 
precursors are expended. As the temperature is increased further, a rapid second 
step takes place, where the metal nanoparticles agglomerate and fuse into a metal 
nanofoam.  The transition between the first step of forming nanoparticles and the 
second step of creating nanofoam can be observed in the pressure and power of the 
microwave reactor, as shown in Figure 6.1b.  Specifically, for the nickel 
nanofoam, the microwave reactor was at 0 bar relativ  pressure until 
approximately 175 s into the reaction, at which point there was an ~ 150 W spike 
in the power, required to maintain the heating, as well as an ~ 4 bar increase in 
pressure. The pressure and power of the microwave reactor for the silver and 
copper nanofoams are shown in Figure 6.2 and Figure 6.3, respectively.  
 
Figure 6.2. Pressure, temperature, and power versus time of the Anton-Paar microwave 




Figure 6.3. Pressure, temperature, and power versus time of the Anton-Paar microwave 
reactor during the synthesis of copper metal nanofoam. 
 
Due to the speed at which the formation of the nanofoam occurs, there appears to 
be a force that drives the agglomeration of the nanop rticles.  It is hypothesized 
that as the nanoparticles increase in size, they begin to interact with the microwave 
field which causes the circulation of current within the particles.  The circulating 
currents induce a magnetic field, which causes the rapid agglomeration.  As the 
particles collide, the induced currents pass across adjacent particles fusing them 
together.  Only nanoparticles were observed to have formed when the reaction was 
stopped prior to the power/pressure spike, whereas nanofoams were produced 
when the reaction was stopped subsequent to the spik . The dependence of the 
formation of nanoparticles or nanofoams on when the reaction was stopped, 
relative to the spike, supports the hypothesis of a two-step nanofoam formation. 
 Scanning electron microscopy (SEM) images as well as photographs of the 
synthesized nanofoams are presented in Figure 6.1c-h.  The SEM images reveal 
that the nickel nanofoam had the finest structure with the structural members 
composed of spheres having a diameter of less than 100 nm.  The silver nanofoam 
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had the next finest structure with the structural members having 150-300 nm 
widths.  The copper nanofoam had the coarsest structure with the structural 
members having 200-400 nm widths.  Unlike the nickel, the copper and silver base 
particles did not have a well-defined shape. Consequently, the mechanical 
robustness of the foams appears to be inversely correlated to the size of the 
structure, with the copper foam being the most robust and the nickel foam being 
the most fragile.  Additionally, all of the foams appeared to be made from the 
joining/welding of smaller particles into a network.  The copper and silver foams 
were robustly joined with joints ~ 80 % of the width of the structural members.  
The nickel foam appeared to be less well joined, with joints ~ 50 % the width of 
the structural members.  The difference in the degre  to which the metal nano-
particles were joined could be due to the relative melting points of the metals, viz., 
1085, 962, and 1455 oC, respectively, for copper, silver, and nickel.  The melting 
points indicate copper and silver could be more easily joined than nickel at low 
temperatures, agreeing with the experimental observations.  The colours of the 
foams, shown in Figure 6.1i-k, were reddish-brown, grayish-white, and black, 
respectively, for copper, silver, and nickel.  The colourings indicate metallic 
materials coated by a thin layer of the naturally occurring metal oxide. The effect 
of precursor concentration on the size and structure of the copper nanofoam was 






Figure 6.4. SEM micrographs of the copper foams formed from different 
concentrations of copper acetate: (a) 0.01 M, (b) 0.02 M, (c) 0.04 M, and (d) 0.06 
M. 
 
The structure of the copper nanofoam became finer as the concentration of Cu-
acetate decreased.  The formation of the nanofoam over a concentration range of 
0.01 – 0.08 M indicates that the reaction is not very sensitive to precursor 
concentration.       
 The composition, crystal structure, and crystallite size of the metal nanofoams 
were assessed with x-ray diffraction along with subsequent Rietveld refinement.  The 
XRD patterns shown in Figure 6.5 indicate that all of the metal nanofoams are pure 
metallic phases.  The XRD pattern of nickel shows that he nickel nanofoam is composed 
of a major FCC nickel phase and minor HCP nickel phase belonging to the Fm-3m and 
P63/mmc space groups respectively.  HCP nickel is typically  high pressure phase, but 
has also been known to form when nickel nanoparticles are made at low temperatures.132 
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both the silver and copper nanofoams are pure FCC metals with no impurities. The metal 
oxide which visually appeared to form on the surface is a small constituent because it did 
not appear in any of the XRD patterns. Further analysis of the nanofoams composition 
was carried out via high-resolution transmission electron microscopy (HRTEM), with the 
micrographs presented in Figure 6.6 and Figure 6.7 and Figure 6.8. 
 
Figure 6.5. X-ray diffraction patterns of the MW-ST nickel, silver, and copper 




Figure 6.6. TEM micrograph of the copper foam with interplanar spacing in the bulk 
corresponding to the Cu (111) and (200) planes and at the surface corresponding to the 




Figure 6.7. TEM micrograph of the silver foam with interplanar spacing 




Figure 6.8. TEM micrograph of the of nickel foam with the interplanar spacings in 
the bulk corresponding to the Ni (111) and (200) planes and at the surface 
corresponding to the NiO (111) planes.  The micrograph shows that the particle is 
mostly metallic Ni with a 1 – 3 nm thick layer of NiO on the surface.  
 
The micrographs show that both the copper and nickel foams form metal oxide 
layers on their surfaces of 5 – 8 nm and 1 - 3 nm, respectively, while the silver did 
not have any appreciable metal oxide layer. The composition of the bulk particles 
was verified by measuring the interplanar spacing of the particles, while the 
composition of the surface layers was determined to be CuO and NiO, 




Figure 6.9. STEM micrographs and EDS maps of the (a) copper, (b) silver, and (c) 
nickel nanofoams. 
 
The crystallite sizes of the metal nanofoams were dt rmined with the Williamson-
Hall method in conjunction with PDXL 2 software’s Rietveld refinement feature.  
The nanofoams crystallite sizes were found to be 29 nm, 27 nm, and 13 nm, 
respectively, for the silver, copper, and nickel.  It is interesting to note, that the 
crystallite sizes do not directly correlate with the foam structure sizes, but rather 
have an inverse correlation with melting temperature.   Furthermore, based on the 
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crystallite analysis coupled with the TEM micrographs, it was deduced that the 
base nanoparticles from which the foam was composed had multiple crystallites. 
 The surface area of the foams, shown in Figure 6.10, were measured with the 
Brunauer, Emmett, and Teller (BET) analyser.   
 
Figure 6.10. BET surface area of the MW-ST copper, silver, and nickel nanofoams 
compared to those of commercial copper foam133, silver (templated) foam119, 
nickel-nickel-oxide (combustion) foam134, and nickel (templated) foam.120  
 
The nickel foam had the highest surface area of the three nanofoams, followed by 
copper and silver, with surface areas of, respectivly, 8.6, 3.9, and 3.0 m2g-1.  The 
foams were found to have both mesoporosity and macroporosity, but were not 
found to be microporous. The surface areas of the metal nanofoams were 
compared with the previously reported non-microporous metal foams.  The metal 
nanofoams presented here had a surface area that is three orders of magnitude 
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greater than that of the commercially available copper foam.133 Additionally, they 
also had a higher surface area when compared to those produced with  a 
nanosmelting technique (0.5 m2g-1) or a combustion technique (3.5 m2g-1).119,134 
The nickel nanofoam presented here had a slightly lower surface area when 
compared to a templated inverse pearlite structured nickel foam with a surface area 
of 11.8 m2g-1.120 Overall, the nanofoams produced with the MW-ST method had 
surface areas comparable to or higher than those of the previously reported 
metallic foams, but were produced with a much simpler, faster, low-cost synthesis 
process. 
 The effects of further microwave heating and of post heating of the metal 
nanofoams were investigated.  Specifically, after the formation of the metal 
nanofoams, the microwave reaction was continued for varying amounts of time.  
The SEM results of 5 min of post formation heating of the nickel nanofoam are 
presented in Figure 6.11.   
 
 
Figure 6.11. SEM micrographs of the nickel foam after 5 min of additional 
microwave heating shown at (a) low magnification and (b) high magnification.  
 
Two phenomena were observed with a continued heating of the nickel.  First, the 
nickel structure thickened, which is likely due to the flow of nickel metal.  Second, 
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some of the flowing metal agglomerated into large sphere-shaped nickel deposits 
within the foam structure, shown in Figure 6.11b.  Both of these phenomena were 
apparent in the SEM micrographs of the metal foams fter continued microwave 
heating with a duration as low as 2 min. This experim nt provides further evidence 
that the metal foams were not directly formed from the reduction of metal salts by 
the TEG, but are reaching a high enough temperature (>> 300 oC) in localized 
regions to flow and sinter together.  Post heating of the metal nanofoam in an 
argon atmosphere was also investigated.  The various samples were heated to 450, 
500, 550, and 600 oC for 4 h. No noticeable changes in the structure of the 
nanofoams were observed prior to 550 oC.  At 550 oC the copper nanofoam 
thickened slightly, but no noticeable change in overall volume was observed.  The 
silver nanofoam thickened more than copper, and the volume decreased by an 
estimated ~20%.  There were no noticeable changes i the appearance of the nickel 
nanofoam.  When heated to 600 oC, all of the foams underwent a dramatic 
thickening of the structural members.  The silver and copper nanofoams 
experienced a large reduction (> 50%) in their overall volume.  The micrographs 
of the nanofoams after post heating are shown in Figure 6.12.   
 
 
Figure 6.12. SEM micrographs of the (a) copper, (b) silver, and (c) nickel 
nanofoams after post heating in an argon atmosphere at 600 oC for 4 h. 
 
Interestingly, unlike the continued microwave heating of the nanofoams, where 
large metal agglomerations were observed, the evolution of the nanofoams with 
post heating seemed to be self-similar.  More specifically, the structural members 
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of the foams thickened while the pores of the foams remained. This behaviour 
could enable the production of self-similar sets of metallic foams on multiple size 
scales by controlling the time and temperature of the post heat treatment. 
 
6.4. Conclusion  
In summary, we have demonstrated a novel, simple, non-hazardous, fast, low 
temperature/pressure MW-ST method for producing copper, silver, and nickel 
metal nanofoams.  The nanofoams were produced usinginexpensive metal acetates 
and polyglycol solvent.  The nanofoam formation took place in two steps within 
the single-pot synthesis process.  Nanoparticles were formed first, which 
subsequently underwent sintering to form nanofoams.  The local temperatures that 
were achieved in the microwave reactor appeared to exceed the bulk solution 
temperature.  The post heating of the nanofoams caued self-similar foams to form 
in larger sizes.  The surface areas of the nanofoams were higher than or 
comparable to those of the non-microporous metal foms produced using more 
complex methods.  This simple, inexpensive method of producing metal 
nanofoams could be scalable and has potential uses in many clean energy 
applications. Future synthesis work on metal nanofoams could focus on further 
optimizing the heating rates, concentration of pre-cursors, as well as solvents to 
modulate the porosity and size of the nanofoams.  Additionally, the synthesis of 
both composite and alloy nanofoams could be explored. 
 
6.5. Experimental Section   
6.5.1. Synthesis of Metal Nanofoams  
The metal nanofoams of copper, silver ,and nickel wre produced by dissolving 
200 mg of copper(II) acetate monohydrate (Alfa-Aesar), silver-acetate (Fischer Scientific, 
laboratory grade), or nickel(II) acetate tetrahydrate (Arcos Organics, 99+%) in 12 mL of 
dry tetraethylene glycol (TEG) (Sigma-Aldrich 99%).  The TEG was dried by storing on 
4A molecular sieves (Fisher Scientific) prior to use. Dissolution of the salts was 
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expedited with approximately 10 min of ultra-sonication creating translucent blue, green, 
and clear solutions, respectively, for copper, nickel, and silver.  The solutions were 
subsequently transferred to 20 mL borosilicate vessels and heated as fast as possible with 
a max power of 850 W to 300 oC in an Anton-Paar Monowave microwave reactor.  The
solutions were not stirred.  Stirring of the solutions would cause the foams to become 
compacted into a ball of metal.  The reactions were stopped approximately 1 min after the 
observation of the pressure spike.  The samples were than washed three times with 
acetone and dried in an air oven at 100 oC. 
 
6.5.2. Characterization of Metal Nanofoams  
X-ray diffraction patterns were collected in continuous mode over a range of 10 – 80o
2θ at a rate of 3o per minute.  Subsequently, the average crystallite siz  was determined 
with Rietveld refinement on Rigaku PDXL 2 software. The morphology of the samples 
was investigated with a JEOL JSM-5610 scanning electron microscope (SEM).  The 
samples were prepared by affixing a small foam sample onto a carbon tape on a sample 
holder. The surface area of the samples was determin d with a Quantachrome autosorb 
iQ2 Brunauer, Emmett, and Teller (BET) analyzer using approximately 100 mg samples. 
The transmission electron microscopy (TEM) was carried out with a JEM-2100F 
microscope with an accelerating voltage of 200 kV.  The energy dispersive x-ray 
spectroscopy (EDS) was performed with the JEM-2100F microscope equipped with an 









  Metal alloy electrodes involving a conversion reaction offer high charge-storage 
capacities with working ions like lithium and sodium, but suffer from fast capacity fade 
due to huge volume changes occurring during cycling. We present here a novel 
interdigitated metal foil anode (IMFA) in which a na osized active material like tin is 
integrated with an electrically conductive aluminum matrix to form a eutectic metal foil 
like Al-Sn.  The IMFA does not require an additional inactive copper foil current 
collector, thereby allowing a dramatic increase in the effective capacity. The IMFA is 
manufactured with a simple inexpensive process traditionally used to make metal foils, 
allowing facile production at low cost and high volume. Although the approach is 
demonstrated here with tin and lithium, it can be us d with a variety of alloying materials 
and working ions, opening up a new arena for rechargeable batteries. 
 
7.2. Introduction 
Although rechargeable non-aqueous lithium-ion batteries (LIBs) are ubiquitous 
ranging from consumer electronics to electric vehicl s, the current technology needs to be 
improved to meet the increasing demands. With this perspective, recent studies have 
focused on improving the gravimetric energy density of LIBs by replacing the graphite 
anode with alloying materials, such as silicon, tin, germanium, and antimony. While bulk 
alloying materials undergo electrochemical pulverization due to large volume changes 
and internal stresses during lithiation, loading nanosized particles into a conductive 
matrix has been shown to allow reversible cycling 135–138. However, their practical utility 
is plagued by large irreversible capacity loss in the first cycle and poor long-term 
cyclability. Efforts to increase energy density by adding alloying materials into graphite 
                                                          
5
The majority of the work discussed in this chapter was carried out by Karl Kreder.  Brian Heligman 
provided assistance in conducting experiments.  K. Kreder,  B. Heligman, A. Manthiram, “Interdigitated 
metal foil electrodes for rechargeable batteries,” (Submitted, Nature Energy, 2017). 
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without significantly compromising the performance have been limited to < 10 wt. % 139–
145. In an attempt to address the volume change, some tudies have focused on thin films 
or composites of binary eutectic alloys, such as Al-Sn, Sn-Sb, and Ag-Sn 146–148. The 
eutectic systems showed significant improvements in performance due to their even 
dispersion of the nanosized alloying material throughout the metal alloy. An alternate 
approach has been use of materials that can act both as an active material and as a current 
collector, reducing the amount of inactive material.  Due to the high ductility required to 
produce foils, these investigations have been limited primarily to either aluminum or tin 
149–151.  These studies have had limited impact due to poor cyclability, low coulombic 
efficiency, or low utilizable capacity of pure metallic foils.  Most of the studies have 
concluded that the poor cyclability of such foils is due to the large volume changes (> 
200%) with cycling and/or undesirable side reactions with the electrolyte. 
7.3. Results 
We present here a strategy in which an electrochemically active component Sn is 
interdigitated with an electrically conductive matrix Al.  With this approach, hypoeutectic 
Al-Sn (AT) and Al-Zn-Sn (AZT) alloys are demonstrated as interdigitated metal foil 
anodes for lithium-ion batteries. The various compositi ns investigated and the weight 
percentages as measured by inductively coupled plasma – optical emission spectroscopy 
(ICP-OES) are given in Table 7.1. The effects of comp sition on morphology as well as 
electrochemical performance were evaluated over a range of 50 – 70 nominal wt. % tin.  
Additionally, the effect of zinc ranging from 1.5 to 2.5 wt. % was investigated. 
Table 7.1. Nominal and measured compositions of the alloys  
Nominal composition 
(wt. %) 
Measured Al   
composition     
(wt. %) 
Measured Sn     
composition    
(wt. %) 
Measured Zn   
composition       
(wt. %) 
Abbreviation 
Al 50 – Sn 50 0.501 0.498 - AT50 
Al 40 – Sn 60 0.392 0.608 - AT60 
Al 30 – Sn 70 0.299 0.700 - AT70 
Al 47.5 – Zn 2.5 – Sn 50 0.475 0.501 0.023 AZT50 
Al 38 – Zn 2 – Sn 60 0.378 0.598 0.019 AZT60 




7.3.1. Morphology and Characterization  
The morphology of both the AT and AZT alloys were characterized with scanning 
electron microscopy (SEM) as well as elemental maps generated with energy dispersive 
x-ray spectroscopy (EDX). Prior to the analysis, both the as-cast ingots as well as the 
foils were sectioned, mounted, and polished with tradi ional metallographic preparation 
techniques.  The SEM micrographs reveal an archetypical binary eutectic alloy, shown in 
Figure 7.1b-g. Primary aluminum dendrites are surrounded by eutectic tin with no 
noticeable aluminum-tin eutectic structure. The observed microstructure are consistent 
with the Al-Sn phase diagram, given the hypoeutectic omposition of the alloys as well 
as the location of the eutectic composition at 97.6 at % tin. The size scale of the 
aluminum and tin features seen in the micrographs of the as-cast ingots are on the order 
of tens of microns. The as-cast ingots were cold-rolled anisotropically, such that there 
was an ~ 100-times elongation along the x-axis, a corresponding ~ 100-times reduction 
along the z-axis, and little change along the y-axis, as seen in Figure 7.1b,n-s. The 
macroscopic deformation of the ingots into foils induced similar changes in the 
microstructure of the foils.  Most importantly, the aluminum/tin feature sizes in the rolled 
foils were reduced to ~ 200 nm along the z-axis.  The nanosizing of the tin features is 
believed to be critical in mitigating electrochemical milling and allowing reversible 
alloying with lithium 152. The AZT alloys appear to have a slightly finer microstructure 
when compared to the corresponding AT alloys.  The zinc does not appear as its own 
separate phase or in a eutectic microstructure, rather according to EDX, tin is spread 






Figure 7.1. (a) Illustration of the cast ingot, rolled into a foil, and subsequent lithiation of 
the tin portion of the foil. SEM photos and EDX elem ntal maps of both AT and AZT 
alloys before and after rolling: (b,e) AT50, (c,f) AT60, (d,g) AT70, (h,k) AZT50, (i,l) 
AZT60, and (j,m) AZT70 as cast ingots. SEM photos and EDX elemental maps of alloy 
foils: (n,q) AT50, (o,r) AT60, (s,v) AT70, (t,w) AZT50, (u,x) AZT60, and (v,y) AZT70. 





Figure 7.2. High magnification SEM of AZT70 and corresponding EDX elemental map. 
 
The AT and AZT foils were also characterized with x-ray diffraction (XRD). The 
XRD patterns show that there are two pure phases, viz., Al and Sn, with no intermetallic 
compounds, Figure 7.3. The XRD patterns also show that the tin belongs to the I4/mmm 
space group and has a significant amount of texturing due to the excessive plastic 




Figure 7.3. XRD patterns of AT and AZT alloys. 
 
Texturing is indicated by a higher intensity of the(200) diffraction peak, which could be 
significantly reduced by annealing the foil. The aluminum has the cubic crystal structure 
with the Fm3m space group. The relative intensity of the aluminu peaks were found to 
increase with annealing due to the likely reduction in defects produced by cold work.  
Although there are no noticeable peaks corresponding to zinc in the AZT alloys, both the 
tin and aluminum peaks are shifted to lower 2θ values, indicating that zinc may have 
formed a solid solution with both aluminum and tin. 
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Due to the reduction in texturing with annealing, thermogravimetric analysis and 
differential scanning calorimetry (TGA/DSC) were performed on both the AT and AZT 
foils in air and argon atmospheres. The foils were heated above the aluminum-tin eutectic 
temperature (232 oC), at a rate of 5 oC/min, to understand the effects of atmosphere on the 
alloys during annealing. The TGA/DSC results of the AT foils are shown in Figure 7.4.  
 





Notably, the AT foils have an endothermic peak during heating at 232 oC, corresponding 
to the melting of the tin eutectic, and an exothermic peak during cooling, corresponding 
the recrystallization of the tin eutectic. Most interestingly, the change in weight while 
heating in air was significantly greater than the wight change when heating in argon. 
Furthermore, the percentage weight gain increased in alloys with increasing tin content, 
indicating that SnO2 is likely forming.  A significant amount of SnO2 (~ 10 wt. %) was 
formed even at relatively low temperatures of > 50 oC. The TGA/DSC data directed the 
annealing of the AT and AZT foil anodes in argon rather than air to prevent oxidation. 
7.4. Electrochemical Performance 
 
Fig. 7.5. Color images of AZT70 anode (a) before cycling (b) and after 40 cycles at C/10 
rate at 250 mAh/g capacity. SEM image of (c) AZT70 anode after cycling with 
corresponding EDX elemental map.(d) Cyclic voltammogram of AZT70 at 0.3 – 1.0 V. 
(e) Charge/discharge profiles of AZT70 cycled at 250 mAh/g. (f) Cyclability of the 
AZT70 alloy cycled at C/5 rate, limited to both 250 and 300 mAh/g capacity ranges in 




To fully understand the benefits of the IMFA strategy, the practically realized 
energy density of graphite/copper composite anodes mu t be understood. Traditional 
graphite anodes have a theoretical capacity of 370 mAh/g, but the realized capacity is 
only ~ 150 mAh/g when the weights of the copper foil, conductive carbon, and binder are 
included 32,153. The IMFAs do not require any conductive carbon, bi der, or an inactive 
copper current collector, so their capacities should be compared to the 150 mAh/g 
practical capacity of completed graphite anodes rathe  han the 370 mAh/g theoretical 
capacity of pure graphite.  
The AT and AZT alloys were assembled into lithium half-cells and tested over 
several capacity limited discharge ranges with a 1.0 V cut-off limit on charge. 
Cyclability, heat treatments, and capacity limits tested of selected compositions are 
summarized in Table 7.2.  The total foil weight was u ed when computing the 
gravimetric energy densities. The majority of the cycled capacity can be attributed to the 
first three redox peaks of Sn at 0.70, 0.57, 0.45 V, shown in Fig. 7.5d, rather than 
aluminum. These three voltage plateaus correspond t the two-phase regions of, 
respectively, Sn-Li2Sn3, Li2Sn3-LiSn, LiSn-Li7Sn3. Limiting the lower cut-off capacity 
prevented the lithiation/delithiation of a significant amount of aluminum. This can be 
seen in the cell with AZT70 by a lack of aluminum plateaus for cycles 30 to 90, Fig. 7.5e.  
Since the tin lithiation was limited to Li7Sn3, the theoretical capacity of the tin was 
reduced from 960 mAh/g to 509 mAh/g. The theoretical capacities of the various IMFAs 














Sn 300 960 C/10 11 
AT50 300 254 C/10 40 
AT60 300 305 C/10 30 
AT70 300 356 C/10 33 
AZT60 250 295 C/5 >98 
AZT60 200 295 C/5 >152 
AZT70 300 347 C/5 83 
AZT70 250 347 C/5 >110 
AZT60 -An 250 295 C/5 54 
AZT60 -An 200 295 C/5 >102 
AZT70 -An 300 347 C/5 61 
AZT70 -An 250 347 C/5 81 
 
Overall, the AZT alloys performed better than the annealed AZT and the AT alloys. 
Interestingly, although the argon-annealed AZT alloys were more quickly able to achieve 
capacity from tin only, Figure 7.6, they were not able to cycle as long as the 
corresponding un-annealed alloys. With a capacity limit of 250 mAh/g, the AZT70 alloy 
was able to achieve more than 110 cycles at an average coulombic efficiency of 99.3%, 




Figure 7.6. Comparison of the 10th charge-discharge cycle of the annealed and un-
annealed IMFAs. 
 
The AZT70 alloy which was cycled at a higher capacity of 300 mAh/g was able to cycle 
for 83 cycles before abruptly dying. This represent a utilization of > 87% of the 
theoretical capacity of tin in the AZT70 alloy.  In contrast, the AT70 alloy was unable to 
achieve 300 mAh/g of capacity from tin, but rather ad a maximum peak tin capacity of 
only 273 mAh/g, which implies a utilization of only 76%. The difference in performance 
between the AT and AZT anodes is attributed to increased accessibility of tin in the zinc 
doped system. The tin accessibility may be higher du  to an intrinsic change in the ionic 
conductivity of the tin-zinc solid solution, or due to the introduction of new unobserved 
phase boundaries between eutectic tin-zinc. 
The first several charge-discharge cycles of the IMFAs were carried out below 0.25 
V, which caused some of the lithium to initially alloy with the aluminum as well as with 
tin. These cycles forced the delamination of the Al-Sn foil, which created an exfoliated 
103 
 
foil, see Figure 2a-c. Exfoliation of the foil dramtically increased the accessibility of the 
tin as seen by the increase in capacity above 0.25 V from 5 mAh/g on the first cycle to 
190 mAh/g on the 10th cycle and 236 mAh/g by the 20th cycle. The first cycle coulombic 
efficiency of AZT70 that was limited to 300 mAh/g was 72.9%. However, much of the 
“loss” during the first cycle was recovered during the subsequent 15 cycles as lithium 
was extracted (coulombic efficiency > 100%) from the aluminum alloy, raising the 
effective first cycle efficiency to 87.2%. 
7.5. Discussion 
Although this work primarily focused on the Al-Sn system, Al-Sn is just one 
manifestation of a broader framework, which applies to a number of other eutectic alloy 
systems. The Al-Sn system is a prototypical example of fabricating a nano-sized lithium 
alloying material intimately interdigitated into a ductile conductive inert metal matrix by 
cold rolling a eutectic metal ingot.  A primary benefit of such systems is the potential for 
inexpensive and simple production of high capacity anode materials, without requiring 
the expensive slurry processing steps needed with conventional electrodes. Furthermore, 
having an active alloying phase interdigitated with an inactive and ductile phase allows 
the accommodation of volume change upon cycling. 
Only ductile metals, which contain little or no intermetallic compounds, are 
conducive to being cold rolled into metal foils. Therefore, any alloy system that can be 
considered should meet the following three criteria. First, the alloy must either form a 
binary eutectic or monotectic with little to no intermetallic compounds. Second, one of 
the two elements should be able to alloy with lithium reversibly. Third, the conductive 
matrix metal should ideally be inactive, but if it is not, the potential range over which it is 
alloyed with lithium should not overlap with or should not be cycled to a potential that 
begins to significantly alloy with lithium. In addition to the aforementioned technical 
criteria, there are additional considerations such as cost (< $10/lb) and annualized 
production quantities (>10,000 metric tons) to practic lly consider for battery anodes. 
Based on these criteria, there exist at least 10 other systems besides Al-Sn, which meet 
these criteria and deserve exploration. They include: Zn-Sn, Sn-Pb, Cd-Sn, Ni-Pb, Sn-Bi, 
Cu-Pb, Cu-Bi, Bi-Pb, Bi-Zn, and Bi-Cd. Furthermore, the strategy can be extended to 
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other rechargeable batteries, such as sodium-ion, magnesium-ion, zinc-ion, etc., with 
appropriate alloy systems.  
7.6. Conclusion 
The present work demonstrated an aluminum-tin and aluminum-zinc-tin eutectic 
foils as an integrated metal foil anode for a lithium-ion batteries. The AT/AZT alloys 
represent a novel topology for creating high capacity, low-cost anodes for lithium-ion 
batteries. The AZT70 alloy demonstrated an effectiv doubling of capacity compared to a 
graphite/copper composite anode.  Additionally, the AZT70 anode had high effective first 
cycle coulombic efficiency of 87.2% and was able to demonstrate over 110 cycles at 250 
mAh/g with > 99.3% coulombic efficiency.  All metrics of this first iteration of the 
AT/AZT IMFA system, including capacity, cost, coulombic efficiency, average voltage, 
effective first cycle losses, and rate capability, are promising for practical viability. The 
IMFA approach offers a new framework to develop high capacity alloy anodes with an 
abundant number of compositional, elemental, and processing variations available for 
rechargeable batteries based on lithium, sodium, magnesium, zinc, calcium, etc. 
7.7. Materials and Methods  
7.7.1. Synthesis  
The Al-Sn and Al-Zn-Sn metal foils were synthesized as follows. Approximately 
50 g of the desired weight ratios of aluminum (McMaster-Carr, 1100 series >99.5% ), 
zinc (RotoMetals, >99.7%), and tin (Metal Shipper Inc., >99.9%) were melted in air at 
750 oC in a high temperature graphite crucible. The melt was then cast into a graphite 
mold and allowed to cool to form rectangular ingots f ~ 35 x 13 x 7 mm in size. The 
foils were made by rolling sections of the ingots of ~ 7 x 7 x 3.5 mm in size with a 
manual Durston rolling mill equipped with 60 mm diameter rollers. The rolling was 
performed such that the 3.5 mm dimension was reduced to 0.02-0.03 mm while 
elongation was focused on one of the 7 mm dimensions.  Subsequent to rolling, some of 
the foils were annealed in either air or argon atmospheres at 185 oC for 1 h. 
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7.7.2. Materials characterization 
X-ray diffraction patterns were collected in continuous mode over a 2θ range of 
10 - 100o 2θ at a rate of 3o s-1. Both the foils and ingots were mounted and polished with 
traditional metallographic sample preparation techniques prior to analysis in the SEM. 
Briefly, samples were first sectioned and mounted in a thermoset polymer (Beuhler, Inc., 
PhenoCure). The mounted samples were then polished first with 6 and 1 µm diamond 
suspensions followed by a final polish with an aqueous suspension of 0.1 µm alumina. 
The samples were then washed with water and ethanol and quickly dried. It should be 
noted that all the alloys had a high degree of reactivity with water and the washing step 
etched the surface. There were no subsequent etching steps. Scanning electron 
microscopy (SEM) data were taken on a JEOL JSM-5610 SEM operating at a 20 keV 
accelerating voltage. Energy dispersive X-ray spectros opy (EDX) elemental maps were 
generated with an Oxford Instruments INCAx-act detector. Inductively coupled plasma 
optical emission spectroscopy (ICP-OES) was performed on a Varian 715-ES instrument 
to determine the compositions of the various alloys. The Varian 715-ES instrument was 
calibrated with 10,000 ppm standard solutions of aluminum, zinc, and tin (Ricca 
Chemical). Thermogravimetric analysis (TGA) was conducted with ~ 15 mg samples on 
a Jupiter STA 449 F3 in both air and argon atmospheres at a heating rate of 5 oC/min. 
7.7.3. Electrochemical Characterization 
Coin cells (CR 2032) were constructed to test the electrochemical characteristics 
of the as made foils. The foil strips (~ 20 µm thick) were punched into 12 mm disks 
weighing ~ 10 mg. Metallic lithium chips (MTI corporation) were used as the counter 
electrode and glass fiber prefilters (Millipore APFA04700) were used as separators. The 
electrolyte used was a 3 : 7 ratio of monoflouro ethylene carbonate (FEC) to ethylene 
carbonate (EC) with 1 M bis(trifluoromethane)sulfonimide lithium (LiTSFI) and 3% 
vinylene carbonate (VC). The coin cells were constructed in an inert (O2 < 5 ppm) dry 
(H2O < 1 ppm) glovebox with an argon atmosphere. The galvanostatic charge-discharge 
and cyclic voltammetry were performed with a BT-2000 Arbin instruments battery 
cycler. The first 2 cycles of the galvanostatic charge-discharge testing were conditioning 
cycles in which a rate of C/10 was used with capacity limited cutoffs for the nominal 
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capacities of 150, 200, 250, and 300 mAh/g cells.  Subsequently, the cells were then 
cycled at their specified C-rates such that they were capacity limited on discharge and 
then charged at a constant current to 1.0 V on charge. Aberrant behavior was observed 
upon several charges early in the cycling, shown in Figure 7.7.  
 
Figure 7.7. Aberrant behavior during the 24th charge-discharge of the AZT70 IMFA. 
 
This behavior was attributed to the inability of the coin cell geometry to accommodate 
the alloying volume expansion. Given that these aberr nt cycles presented with 
coulombic efficiencies over 100 percent, they were xcluded from average columbic 
efficiency calculations.  Cyclic voltammograms were th n collected with a sweep rate of 





Chapter 8: Summary 
 
The aim of the presented work was to improve the electrochemical properties of 
novel high capacity electroactive materials for lithium ion batteries.  This was 
demonstrated for both a high-voltage polyanion cathode, LiCoPO4, as well as for a novel 
interdigitated metal foil anode.  The properties of the LiCoPO4 were successfully 
modified via several low temperature synthesis methods which, in combination, increased 
the initial discharge capacity from 69 to 145 mAh/g.  Additionally, the capacity retention 
as well as coulombic efficiency of the cells was dramatically improved.  The coulombic 
efficiency of the LFP-LCVP cells was shown to be higher than 99%.  The IMFA 
demonstrated a new engineering framework for designing high capacity lithium alloying 
materials.  Not only did the IMFA have an effective capacity of twice that of graphite 
over 80 cycles, it also did so at a high coulombic efficiency >98.5%, a commercially 
practical rate C/5, with first cycle irreversible losses of around 12%.  On all metrics, the 
IMFA is presently a novel material which could be dveloped as a commercially viable 
anode. 
Firstly, the low temperature MW-ST synthesis of three phase pure polymorphs of 
LiCoPO4 was demonstrated.  Two of the three polymorphs, Cmcm and Pn21a, had not 
previously been presented.  Although, these materials were not good electroactive 
materials, understanding the dependence of the formation of these polymorphs on both 
the concentrations of water and ammonium hydroxide facilitated the further work.  
Additionally, the structural electrochemical and spectroscopic properties were reported 
for the first time. 
Second, the aliovalent substitution of vanadium in lithium cobalt phosphate was 
demonstrated via a two-step synthesis method.  Specifically, the vanadium substituted 
form of the Pn21a polymorph was formed via a MW-ST method and was subsequently 
converted to a vanadium substituted Pnma polymorph via calcination at 525 oC.  The 
vanadium substituted LiCoPO4 demonstrated both increased electrical and ionic 
conductivity.  The improvement in the solid-state properties increased the first cycle 
gravimetric capacity from 69 to 115 mAh/g. 
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Third, electrolyte side reactions with LiCoPO4 cathode were mitigated via a novel 
MW-ST approach to coating LiCoPO4 nanoparticles with LiFePO4. The monolithic 
coating of LiFePO4 was conclusively verified through TEM, EDX, and XPS.  The 
methodology of coating nanoparticles using an MW-ST process takes advantage of the 
surface localized heating and could be extended to many coat nanoparticles with many 
other materials. The LFP coating of LCVP improved in the initial capacity of the material 
from 115 to 145 mAh/g.   
Fourth, a novel MW-ST synthesis process of high surface area metal nanofoams 
was demonstrated which successful produced copper, silver, and nickel nanofoams.  This 
process is a cheap facile inexpensive method for prducing metal foams which can be 
used in many clean energy applications ranging from catalytic to electrochemical.  The 
foams could be employed as a high surface area current collector for lithium ion batteries. 
Finally, the interdigitated metal foil anode was presented as a novel framework 
for the design of high capacity lithium alloying anodes.  Simple metallurgical processes 
were employed to form a nanostructured foil anode allowing production at scale.  
Additionally, only one archetypical system was presented with the aluminum-tin eutectic 
system.  At least 10 other similar systems exist and deserve further investigation.  The 
current performance of the AZT IMFA was able to double the effective capacity of 
graphite for more than 80 cycles.  There are a large number of experimental parameters 
that have not been explored that will likely vastly improve the performance of these 
systems. 
Although the work on LiCoPO4 was not successful in producing a material that 
can be used commercially in batteries it demonstrated new methods for synthesis that 
have helped to dramatically improve performance.  This has contributed to the knowledge 
base of understanding of this material.  The introduction of the IMFA framework has 
demonstrated a step-change in the performance of foil type anodes.  The IMFA system 
already performs very well on all common metrics and can likely be developed further to 
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